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Preface

The second International Conference on Water, Energy, Food and Sustainability
(ICoWEFS 2022), taking place in Portalegre (May 10–12, 2022), Portugal, aims to be
a major forum to foster innovation and exchange knowledge in the water-energy-food
nexus, embracing the Sustainable Development Goals (SDGs) of the United Nations,
bringing together leading academics, researchers and industrial experts. The confer-
ence expects to foster networking and collaboration among participants to advance the
knowledge and identify major trends in the abovementioned fields.

The world is facing unprecedented challenges to mitigate climate change and adapt
to its negative impacts, affecting the global economy and society. Europe intends to
take the lead on the transition to sustainability, as a chief priority of Horizon Europe
is a European Green Deal to transform Europe in a climate-neutral continent, fostering
disruptive innovation and the deployment of new technologies and innovative solutions,
helping to create a sustainable future.

Innovation regarding water, energy, agri-food, bio-economy, natural resources and
environment will speed up the transition toward sustainability, promoting water and food
security in the world.

A climate-neutral continent by 2050 will drive technological, economic and societal
transformations toward circular economies and green and clean technologies and the
decarbonization of energy-intensive industries.

The conferencewill be a networking and collaboration amongparticipants to advance
the knowledge and identify major trends in the fields mentioned above, even in an online
format according to the health rules.

We are grateful to the authors from 16 countries with their contribution of 55 papers
accepted to be presented at ICoWEFS 2022 and published by Springer Nature, to the
directors and staff of the Polytechnic of Portalegre and the Polytechnic of Leiria for their
support, to the research centers and sponsoring companies, to the members of the scien-
tific committee and external reviewers, keynote speakers and, finally, to the members of
the organization, who with redoubled efforts during a pandemic time managed to carry
out this conference.
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We hope that we can meet again at the next ICoWEFS Conference.

Paulo Brito
João Galvão
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Ana Luisa Fernando is Associate Professor at Faculdade de Ciên-
cias e Tecnologia, Universidade Nova de Lisboa, Portugal. She is
Researcher at MEtRiCS, Mechanical Engineering and Resource
Sustainability Center, hosted by Universidade do Minho and Uni-
versidade NOVA de Lisboa. She was graduated in Applied Chem-
istry (UNL), in 1990, with an MSc in Food Technology/Quality
(1996, UNL) and a PhD in Environmental Sciences (2005, UNL).
She has been working in the field of Food Technology and Safety,
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José Luz Silveira is graduated in Mechanical Engineering from
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ophy, Sciences and Letters (1985), master’s in Mechanical Engi-
neering from the Federal University of Itajubá (1990) and Ph.D.
Mechanical Engineering from the Faculty of Mechanical Engi-
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In the academic field, Dr. Terrados has been Vice President for
Strategic Planning, Quality and Social Responsibility at Univer-
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ity at University of Jaen, Vice President for Strategic Planning,
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(Airbus Industries).
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From Extraction to Reparation: American
National Security and Territorial Adaptation
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Abstract. We are now witnessing the results of our collective destruction around
the world. From centuries of colonialism and industrialization where forests
were leveled, marshlands drained, rivers tamed, and oil burned, this global alter-
ation is no longer hidden. Many of the lands bearing the brunt of the effects
were the ones leveraged as key extraction zones which accelerated the crisis we
face today. This paper argues that USVI (United States Virgin Island) mangrove
ecosystems can be a case study for fundamental analysis for restoration and con-
servation ecology issues for sustainable boosting of local communities. It is argued
that under the concept of a “reparation zone” a bridge can be achieved in the gap
between environment, human community, and disciplinary separation to work
towards a pluralistic approach through a new cultural reparation ecology to better
represent, operate, and solve the myriad issues of climate change in the Greater
United States. By focusing on American territorial possessions, this paper exam-
ines lingering plantation histories and argues for how nature-based solutions can
generate a newmethodology towards addressing climate threats and socio-cultural
injustices.

Keywords: Climate change · Nature based solutions · National security ·
American studies

1 Natural Security at Risk

Over the course of its 245 years, the United States has built itself into a major global
superpower (Fig. 1). At the foundation of this superpower lies one critical tool: land.
What was once a series of 13 colonies grew and expanded through purposeful means
to create a country and empire that now spans over 15.000 km from east to west. For a
country that wasn’t a major territorial superpower in the 18th century or major military
power of the 19th century, the United States relied on a form of nation-building that
centered itself on the land. Forests for wood, plains for farming and ranching, mountains
to mine, and coasts to fish all converged to form a spirit of potential and opportunity. But
this opportunity for endless extraction and cultivation has now been met with a serious
cost.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
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Fig. 1. The growth of the United States from 1803 to 1947.

One key driver of American production and growth was the plantation system. Uti-
lized by European colonial powers through the Americas, Southeast Asia, and Africa,
plantations used enslaved labor systems to extract various crops or raw materials to then
ship to be processed or sold in the global economy. Today, scholars are reflecting on
the plantations system itself and framing it as a critical moment in the Anthropocene’s
development. Donna Haraway argues that, “scholars have long understood that the slave
plantation systemwas themodel andmotor for the carbon-greedymachine-based factory
system that is often cited as an inflection point for the Anthropocene” [1]. While central
to carbon accumulation we are facing today, the plantations were not the sole responsible
operation for the climate crisis but present a concise framework towards understanding
the nuances between economic growth, cultural violence, ecological exploitation, and
political stability. Michael Murphy and Caitlin Schroering posit that, “the plantation
directs out attention to global socioecological inequality, or ‘the ways in which humans,
nonhumans, and ecosystems intersect to produce hierarchies – privileges and disadvan-
tages – within and across species and space that ultimately place each at great risk.”
[2].

As a result of the plantation mechanic, what the United States once built itself on
as a source of nation-building, these lands and its people are now facing the collective
results of centuries-long consequences.Moving forward, how theUnited States re-adapts
former plantation landscapes will be a critical test of maintaining a natural security; one
that is fair and just (Fig. 2).
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Fig. 2. As the United States grew in geographic size and industrialized, the country began
witnessing a substantial increase in billion-dollar disasters starting in the 1980s.

2 Addressing Periphery: The Reparation Zone

Typically framed in the American South, plantations were also utilized in areas outside
of the contiguous 48 states. Today, these lands are maintained as territories (Puerto Rico,
US Virgin Islands, American Samoa, Guam, Marianna Islands) with the exception of
Hawai‘i, which was elevated to statehood in 1959. Within the American conscience,
these peripheral lands are often outside daily thought and politically remain outside of
policy. Today, the territories lack full congressional representation and only have non-
voting representatives in Congress. However, these islands are facing increased rates of
hurricanes and typhoons, drought, temperature rise, ocean acidification, and more. As
the United States works towards climate adaptation through funding and policies like the
Bipartisan Infrastructure Bill (2021) and potentially Build Back Better, there is a unique
opportunity for the US to address its territories - its peripheries - and works towards
including them in a climate-secure and adaptive future.

Historically, these lands were sites of extraction and experimentation. For outside
Colonial and Imperial powers, these were physical spaces to conduct massive experi-
mentation to cultivate and extract the most amount of cash crops as possible. But even
more so, these were also spaces to test the limits of enslaved human labor. In the years
after the slave plantation system, many of these lands are still dealing with the effects
of major land alteration and human exploitation. Stemming from the work of Michael
Williams where he offers the concept of the “extraction zone” [3], it is now important
to reconfigure this notion.

In a new opportunity to address these chronic issues of climate risk and cultural
injustice, the US can tackle territorial and peripheral issues through the concept of a
“reparation zone”. The reparation zone would stand as a policy identifier which frames
critical spaces to focus re-investment opportunities centered around climate adaptation
measures alongwith funds and programming to address the cultural and social issues that
stem from exploitative historical practices. By utilizing this framework, the identified
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spaces, lands, communities, or territories become centered and fast-tracked to quickly
realize what may normally be trapped in bureaucratic red tape or political stand still.
These reparation zones can then primarily focus on implementing nature-based solutions
to help tackle the physical threats of climate change, but also how their benefits can help
provide jobs, protect cultural heritage, and maintain the human communities that live in
the spaces.

As post-plantation American landscapes are found in tropical climates and oceanic
geographies, there is a paramount imperative to quickly work towards their adaptation
and resilience in the wake of climate change. The US must no longer see these places
as extraction zones, but instead catalyze the opportunity to address chronic injustices
through climate adaptation and resilience.

3 Mangroves: Socioecological Infrastructure

We all rely on trees, yet for many different reasons. For some, trees provide critically
needed shade to cool their sidewalks, others may see trees as a food source. Some
see trees as spiritual connectors to the divine realm. Looking to the writing of Rosetta
Elkin, she argues that, “as a plant-dependent species, our livelihoods and health are
determined by the achievement of plants” [4]. To focus this concept of the reparation
zone on one strategy and in one post-plantation landscape, I aim to explore the potential
for mangrove restoration in the US Virgin Islands as a form of disaster management and
habitat creation.

Mangroves were once a major buffer around the edges of many Caribbean islands.
The mangrove forests were the interstitial space between land and water where aquatic
fish species used their roots for food and spawning and where bird nested. Cultur-
ally, mangrove wood was used for shelters, crafts, and more (Fig. 3) [5]. Today, very
few mangroves remain in the Virgin Islands, exposing the shores of the islands and its
communities to the threats of sea level rise and storm surge.

The 2017 hurricane season produced two category 5 storms: Hurricanes Irma and
Maria. In the two-week period that these storms hit the islands, over 70% of structures
of St. Croix were damaged or destroyed. NOAA’s National Center of Environmental
Information estimated Hurricanes Irma and Maria produced 167 billion USD in damage
across Puerto Rico and the US Virgin Islands [6]. However, by reintroducing mangrove
stands and forests into these islands, they can begin to mitigate this damage through
storm surge and flooding reduction, helping to protect onshore assets both human and
nonhuman.

While ambitious, the abilities of mangroves in climate adaptation are well studied.
Zhang et al. found that creating a mangrove stand at 2.5 km in width can reduce storm
surge by 50% and an 8 km stand increases the reduction to almost 100% [7] (Fig. 3).
By identifying the needed shallow-water habitats for red mangroves to thrive, tactical
mass tree planting strategies can be deployed to create a new blue-green infrastructural
asset that helps to mitigate increased rates and volatility of hurricanes (Fig. 4). Michael
Getzner and Muhammad Shariful Islam found that the average ecosystem value of a
hectare of mangrove forest registered at 21,100 USD in 2018 prices [8]. Just one 8 km×
100 m tract with a projection of 100% wave reduction would hold a value of 1.680.000
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USD. While the value of these services is complex in nature, the value of mangroves
should also aim to include other latent values like cultural value and greater asset and
infrastructure protections. As mangrove establishment gets implemented, these latent
values must also find ways to transfer back into community development and security

Fig. 3. The mangroves of the Virgin Island and Caribbean at large provide critical ecological
services and cultural value.

Fig. 4. The Islands of St. Thomas and St. John highlighting seagrass beds as potential new sites
for mangrove reforestation.
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as well, helping to benefits the residents and communities themselves. In short, the
creation of a living land trust through climate adaptation can help additionally provide
funds back into local communities to further address needed reparations. Not only will
the re-stablished mangroves act as an almost blue-green wall against the wave power
of hurricanes, it will also generate additional habitats for terrestrial and aquatic species
that can be leveraged as a green tourist amenity, helping local communities capitalize
on this investment even further.

By deeming the USVI as a potential “reparation zone” the US can channel funding
and resources into these islands to fast-track climate adaptation and risk aversion. As
former plantation landscapes whose landwas heavily altered to facilitate crop cultivation
and whose labor greatly suffered, re-establishing the lost mangrove buffers can be a
potential beginning to a new relationship with the mainland and the federal government.
This opportunity is just one measure in a menu of many other options and strategies that
can work to engage disparate power structures and disenfranchised peoples and create
a new dialogue of co-creation and adaptation for a climate-prepared future (Fig. 5).

4 Periphery Prepared

Fig. 5. Mapping social vulnerability from the Centers for Disease Control and Prevention and the
Agency for Toxic Substances and Disease Registry with billion-dollar disasters from 2016–2021.

As the United States works towards a national natural security, its territories and
peripheral lands must be included in funding opportunities, policymaking, and into
implementation. While the climate crisis presents a litany of risks that are perpetually
evolving, the US has the opportunity to reconfigure its relationships with its peripheral
lands and their peoples to work towards a climate-inclusive and climate-adaptive future
(Fig. 5).
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By considering the opportunity for a “reparation zone” the US can catalyze its efforts
in concentrated areas that are most at risk of climate threats. This framework of under-
standing will help synthesize ongoing work with necessary funding and processes to
quickly address the post-plantation social and ecological issues these lands and its peo-
ple face each and every day. This work will also offer a chance for the peoples of these
islands to be included in the nation-wide endeavor of climate adaptation. As David
Immerwahr writes, “at various times, the inhabitants of the US Empire have been shot,
shelled, interned, dispossessed, tortured, and experimented on. What they haven’t been,
by and large, is seen.” [9].

Nature-Based Solutions, like that of mangrove planting, will be critical to engag-
ing with local communities to ensure that not only are their livelihoods maintained and
improved through risk-reduction, but also as an opportunity to allow for the communities
that call these lands home to share their knowledge and expertise.Methods of co-creation
like this must be implemented throughout the US to utilize a time of immense threat like
we are in now as an opportunity to repair chronic socio-cultural issues and injustices.
While each party involved may interpret and see a nature-based solution through one
particular lens, acknowledging and championing the multiple benefits, uses, and out-
comes of a nature-based solution, like tree planting, can also help include more voices
and expertise to come together and work towards a deep understanding and application
of climate-adaptive and culturally-resilient infrastructure.

Outside of theUnited States’ efforts of climate adaptation and territorialmanagement
is a larger question of countering the effects of the plantation system itself. As Michael
Murphy and Caitlin Schroering argue, “ultimately what is at stake here is whether we
are able and willing to apprehend the ecological changes wrought by nearly 500 years
of the plantation as not just a matter of global capitalist expansion and integration, but
also racial and colonial assimilation into a world-economic order that institutes a global
hierarchy of human and more-than-human life with direct consequence to the Earth
system” [2]. This opportunity provides the United States to act as a global leader in the
decolonization of former plantation landscapes and creating a new model of adaptation
to amplify the people and their land in in the 21st century.
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Abstract. In Sub-Saharan Africa (SSA), as in other parts of the world, univer-
sities are expected to produce competent professionals and workforce through
education. University graduates enhance societal development by utilizing crit-
ical thinking and problem-solving skills to develop solutions to environmental
and socio-economic sustainability challenges. Yet, higher education in SSA cur-
rently fails to provide its graduates the competencies needed for self- and wage
employment and in becoming leaders of sustainable societal change.

To identify key areas for higher education quality improvement in SSA, this
study investigated university teachers’ perceptions on pedagogical knowledge,
training and problem-based learning within agricultural programs of eight uni-
versities in Kenya, Zambia and Uganda. We distributed web-based survey, with
closed-end questions to university staff during October 2020 to March 2021 and
received 90 responses. The data was analyzed by calculating distributions and
modal values.

Findings show that despite majority of the teaching staff have participated
to pedagogical trainings, they do not feel competent on their pedagogical knowl-
edge. Short pedagogical trainings, most commonly participated training types in
the study universities, do not facilitate changes in teaching approaches. Teach-
ing staff express keen interests and valuation towards problem-based teaching
and learning, yet the actual knowledge and usage of this practice continues to
be low. The results indicate that to improve teaching quality and change teach-
ing approaches, pedagogical trainings with adequate length to gain professional
teacher competencies, are needed. Pedagogical trainings need to be targeted to the
whole teaching staff, but special emphasis should be given to the entry-level teach-
ers and to the universities with currently lowest perceived pedagogical knowledge
and training participation.

Keywords: Pedagogy · Higher education · Problem-based learning ·
Sub-Saharan Africa

1 Introduction

The rapidly changing world, in terms of demography, environment, technology, global-
ization and trade, poses challenges, yet also opportunities, to sustainable development
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and natural resource management [1]. To solve current ecological and societal sus-
tainability issues and grasp arising opportunities, requires competent and innovative
workforce [1, 2]. This is especially the case in sub-Saharan Africa (SSA), that cur-
rently struggles with low level of tertiary education, low agricultural productivity, food
insecurity, youth unemployment and poverty [3].

Higher education and higher education institutes (HEIs) have a crucial societal
function on producing human capital, experts that can foster innovation, solve socio-
economic and ecological sustainability challenges and contribute on achieving theUnited
Nations’ sustainable development goals (SDGs) [4, 5]. Access to quality education and
development of competencies and skills relevant for employment and entrepreneurship,
as targeted in SDG 4, will eventually contribute to economic growth, development of
just and ecologically stable societies, and increased human well-being.

The quantity of higher education provision and graduates within SSA has grown
rapidly within the last decades [3, 4, 6]. However, reports and studies show, that the
quality of higher education has not grown with the same pace, but on the contrary, the
competencies possessed by HEI graduates do not match on the competencies required
by employers or for self-employment, leading to high unemployment rates [4, 6].

The low quality of higher education can be associated to inadequate resources and
over-crowded classrooms, yet also to inefficient teaching methods and irrelevant curric-
ula that do not match the labor market and societal needs [4, 6]. Higher education in
SSA is mostly based on teacher-centered and lecture-form of teaching that rewards on
rote-learning and memorization [7]. This maybe the easiest approach for teaching staff
that often lack pedagogical qualifications [4]. However, this method leaves few or no
space to information application skills and development of meta-cognitive and generic
skills, all highly valued and needed competencies in theworking-life [4, 8, 9]. To enhance
employment of HEI graduates and provide grounds for solving sustainability challenges,
the education is SSA must be transformed to provide skills and competencies utilizable
and useful in the real-life context [6].

Student-centered teaching methods, such as problem-based learning (PBL), are sug-
gested methods to improve the quality of education and answer the competence needs of
working-life and society as a whole [9]. PBL generates competencies by exposing stu-
dents to real-life problems, for which they need to develop solutions based on acquired
information and its application. PBL is associated in development of both content knowl-
edge, and application skills, and also generic skills, such as problem-solving, critical
thinking, communication and management skills [8, 10, 11]. PBL approach can provide
students both entrepreneurial skills and worker skills enhancing their career prospects
and enabling them to become leaders of societal change towards sustainability.

PBL has been applied for decades in many disciplines in the Global North [12], yet
the approach has not taken hold in SSAn higher education. HEI teachers play a critical
role in adopting and implementing teaching approaches, such as PBL, which in turn have
direct effect on the students’ learning outcomes and competences. Yet, there is a lack
of understanding on teachers’ perceptions on the pedagogical context. Investigating
teachers’ perceptions on the current situation is crucial to be able to pinpoint where
changes are most critical to enable PBL adoption and implementation, and how to find
ways to narrow the mismatch between graduate competencies and work-life needs.
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This study focuses on teaching staff’s perceptions of eight universities in Kenya,
Uganda andZambia.WithinAgriSCALEandPBL-BioAfrica projects1, an online survey
was distributed to university staff, with questions regarding perceptions of pedagogical
knowledge, pedagogical training and problem-based learning approach.

2 Materials and Methods

The research is part of AgriSCALE (https://www.agriscale.net/) and PBL-BioAfrica
projects’ (https://www.pbl-bioafrica.net/) activities. In the preparation phase of the
projects, a feasibility study was conducted for projects’ eight African partner universi-
ties: Egerton university, Jomo Kenyatta University of Agriculture, South Eastern Kenya
University and University of Nairobi in Kenya, The Bishop Stuart University and Gulu
University in Uganda, and The University of Zambia and Mulungushi University in
Zambia. This article presents findings of the feasibility study.

A structured questionnaire was developed together with AgriSCALE project partner
staff from HAMK, Egerton University and Jomo Kenyatta University of Agriculture.
A piloting survey was done for eight staff members of HAMK, resulting to rephrasing
questions and other grammatical corrections. The final structured online survey con-
sisted of background questions and substance questions on respondents’ perceptions on
pedagogy and especially on PBL. Substance questions were closed-ended, with either
yes/no or ordinal five scale Likert response options.

Researchmaterialwas collected betweenOctober 2020 andMarch2021using anony-
mous online survey powered by Webropol 3.0 software. We used purposeful sampling
to reach university staff within agricultural programs of the AgriSCALE and PBL-
BioAfrica projects’ eight partner universities. With the help of local project coordina-
tors, we contacted all agricultural staff within the universities with an email invitation
and link to the survey.

University staff members participating to the survey were divided into four cate-
gories, based on their work position. This research focuses only on university teach-
ing staff. Respondents of this research includes full-time teachers and teachers with
double-role on teaching and university management.

As a descriptive variables, we used home universities and length of teaching experi-
ence. Before data analysis, we pseudonymized the home universities of each respondent.
Fromone university, we received only three responses,making the data unrepresentative,
especially taking into account the large size of that university. Thus, we excluded this
university and these responses from the analysis. The remaining universities of respon-
dents are referred as HEI 1-7 in this article.We categorized length of teaching experience
into three categories: (1) junior teachers with 1–5 years of teaching experience, (2) mid-
career teachers with 6–10 years of experience, and (3) experienced teachers with over
10 years of experience.

To map the availability and length of pedagogical trainings, we categorized partic-
ipation to trainings as: no participation, training of one day or less, training of two to

1 AgriSCALE and PBL-BioAfrica projects aim to improve agricultural education within subSa-
haran Africa. Both projects are coordinated by Häme University of Applied Sciences (HAMK)
in Finland.

https://www.agriscale.net/
https://www.pbl-bioafrica.net/
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five days and training of 6 days or over. The categorization was designed by the African
partner universities, to correspond to the main training types typically offered.

Data was analyzed using Microsoft Excel Version 2102. In accordance with the
ordinal scale data analysis, we computed the distribution and mode values for each
Likert scale variables.

3 Results and Discussion

3.1 Descriptive Variables

We received total of 90 responses from university teaching staff from the eight universi-
ties. After removing one university from the analysis due to small number of responses,
we ended up with total of 87 responses from seven universities. The number of responses
from each university (Fig. 1) corresponds rather well with the size of the universities, as
generally we received more responses from the bigger universities than from the smaller
ones. One third of all respondents identified themselves as female and rest as male. The
age of respondents varied from age group of 26–30 years to age group over 60 years,
and the teaching experience from 1 year to over 30 years.

10 20 30 40 50 60 70 80 90

All gender (n=87)
All experience (n=79)

7. HEI gender (n=17)
7. HEI experience (n=16)

6. HEI gender (n=12)
6. HEI experience (n=10)

5. HEI gender (n=13)
5. HEI experience (n=11)

4. HEI gender (n=9)
4. HEI experience (n=9)

3. HEI gender (n=7)
3. HEI experience (n=6)

2. HEI gender (n=18)
2. HEI experience (n=18)

1. HEI gender (n=9)
1. HEI experience (n=9) Female

Male
Junior
Mid-career
Experienced

Fig. 1. Amount and distribution of survey responses by home university, teaching experience
(junior: 1–5 y, mid-career: 6–10 y, and experienced >10 y) and gender. Note that the difference
between response numbers in relation to experience and gender is due to some respondents not
stating their teaching experience, yet all indicated their gender.

3.2 Perception of Knowledge and Interest

Pedagogical theories and PBL approach are generally perceived to be rather poorly
known among the teaching staff (Fig. 2). Modes for the perceived knowledge were in
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almost all of the cases either 3 (to some extent) or lower (to small extent, not at all).
On contrary to expected, the main differences among perceived knowledge were among
the different universities and not among junior, mid-career and experienced teachers.
Few universities stand out with majority of the respondents knowing constructivist,
behaviorism/cognitivism and PBL to only small extent or not at all.

The perceived knowledge of pedagogical theories and PBL as a teaching approach in
general is smallest in the junior teachers. This suggest that the pedagogical prerequisites
for teaching staff are rather low, or at least do not cover pedagogical theories, leading
to low theoretical understanding. This finding is supported by the notion that the study
universities do not require pedagogical pre-training from their teaching staff (university
representatives, personal communication, October 1st, 2020). Surprisingly, compared to
other experience groups, larger share of the most experienced teachers perceive not to
know pedagogical theories or PBL at all. Generally, the largest perceived knowledge is
among the mid-career teachers. This finding holds even when the few universities stat-
ing the lowest knowledge are removed from the analysis. This trend may be caused by
the Dunning-Kruger effect: the experienced teachers know enough to understand what
they do not know, as the middle-experienced may overestimate their abilities. How-
ever, there may also be other factors influencing the perceived knowledge. Pedagogical
training methods and topics may have changed during time, leading to different type of
competences among the teaching staff, or middle-experienced may have more time or
enthusiasm to develop their theoretical understanding.

Constructivist and socio-constructivist learning theories were perceived less know
than behaviorism and cognitivism. This perception is in line with the notion that educa-
tion inmostAfricanuniversities base in so-called “traditional”, teacher-centeredmethods
[7], founded on behavioristic and cognitivist learning theories.

PBL approach is perceived to be better known than the theory behind it in each
respondent group. This may be due to pedagogy basing more on practices than theories;
a practice may be used or studied about without getting acquainted with the theory
behind it. The respondents may also have heard about PBL and its basic principles, yet
not thoroughly understand the theory behind it.

Interest towards PBL is high among the whole teaching staff, with three fourth or
more of the respondents, despite descriptive variable, stated to be interested in PBL to
moderate or great extent. The interest towards PBL seem to grow with teaching expe-
rience, as well as with perceived knowledge of the approach. The higher the perceived
knowledge of PBL, the higher share of respondent were interested on PBL to moderate
and great extent. Teaching staff interested on PBL will most probably take opportunities
to learn about the practice, or conversely, exposure to the practice, through e.g. training,
may arouse the interest towards it.

As the interest towards learning methods in general were not asked, it can’t be
deduced whether teachers’ interest is high specifically towards PBL, or in learning and
teachingmethods in general. However, the perceived low knowledge on learning theories
and PBL, combined with high interest towards PBL indicate clearly that there is a need
and demand for learning and thus pedagogical trainings among the whole teaching staff.
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Fig. 2. Perception of knowledge of and interests towards pedagogical theories and approaches
among university teaching staff, in relation to different universities (HEI) and to teaching expe-
rience (junior, mid-career, experienced). A. Do you know constructivist or socio-constructivist
learning theories? B. Do you know any other learning theories such as behaviorism or cogni-
tivism? C. Do you know problem-based-learning pedagogical approach? D. Are you interested
in problem-based-learning? Number of responses: 1.HEI, n = 9, 2. HEI, n = 17, 3.HEI, n = 6,
4.HEI, n = 9, 5.HEI, n = 13, 6.HEI, n = 12, 7.HEI, n = 16, junior, n = 15, mid-career n = 25,
experienced, n = 35.

3.3 Pedagogical Trainings

Off all respondents, clearmajority (76.8%) had participated to pedagogical trainings dur-
ing their careers. However, there are major differences on pedagogical trainings between
different universities, with all respondents from given universities had participated to
trainings, and in one university (HEI no 7) 75.0% of respondents have not participated
in any pedagogical trainings (Fig. 3). It seems, that the share of teachers participating to
trainings are rather equal between the different experience categories. However, when
HEI no 7 is removed from the analysis, there is a clear trend showing, that the participa-
tion to training as well as the length of trainings grow together with teaching experience.
The longer one has been recruited as a teacher, the more opportunities there has been
for pedagogical trainings. All in all, most of the trainings participated have been rather
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short, lasting for one working week or less. Of all training participants, only 25.8% have
participated to pedagogical trainings lasting more than one working week.
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Fig. 3. Participation to training and training lengths, in relation to university and teaching
experience.

The length of training participated clearly affect to the teaching approaches (Fig. 4).
The longer the training, the bigger share of participants perceived it to change their
teaching approaches to moderate or great extent. This indicates that for trainings to have
a practical effect on the teaching, longer trainings should be preferred. The trainings
also intrinsically affect to the perceived knowledge of pedagogical theories. Respon-
dents from universities with largest share of respondents not participated to trainings
and/or generally shortest training lengths also stated the least perceived knowledge on
pedagogical theories.

0% 20% 40% 60% 80% 100%

6 days or more (n=17)

2-5 days (n=33)

1 day or less (n= 15) not at all
To a small extent
To some extent
To a moderate extent
To a great extent

Fig. 4. Length of pedagogical training respondents have participated (y-axis) and the effect
training had on changing teaching approach (x-axis), measured as share of responses.
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3.4 Perception of PBL

When asked specifically of PBL, 87.2% of all respondents stated to value teaching
trough real life cases to moderate or great extent, with variation of 75.0–100.0% between
teachers of different universities (Fig. 5). The valuation of real-life cases in teaching
seem to grow together with teaching experience. However, relatively smaller share of
teachers from different universities and teaching experience have used real-life cases in
teaching of student groups to moderate or great extent. This repeat the same pattern, as
with interest and knowledge about PBL: PBL is more valued than it’s actually practiced
and the interest towards PBL is higher than the actual knowledge about it. Yet, the
notion that almost half of the respondents have used real-life cases in their teaching to
moderate or great extent, may suggests that change towards more practical and real-
life relevant teaching is under way. However, as the valuation towards other teaching
methods is unknown, we cannot conclude whether PBL is valued higher or lower than
the traditional, lecture-based teaching methods.
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Fig. 5. Shares of university teaching staff’s responses to questions: A. have you used real-life
cases as topics of student group works? B. Do you see value in teaching trough real-life cases?
C. Do you have contacts to external partners (such as industry or societal actors) to cooperate in
teaching. Number of responses: 1.HEI, n = 9, 2.HEI, n = 19, 3.HEI, n = 7, 4.HEI, n = 9, 5.HEI,
n = 13, 6.HEI, n = 3, 7.HEI, n = 17, junior, n = 17, mid-career, n = 26, experienced, n = 35.
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External partners are core element of PBL. 37.2% of teachers responded to have
external contacts to cooperate in teaching tomoderate or great extent. A bit smaller share
responded not to have contacts at all or only to small extent. There was some variation
between the extent of perceived contacts among teachers from different universities,
while the differences between junior, mid-career and experienced teachers are smaller.
The answers indicate, that if and when, PBL will be incorporated into the universities’
curricula, there already are utilizable contacts to be used in all of the universities, so the
whole process would not need to be started from scratch. However, there still is place
for further improvement on contacts with external partners.

4 Conclusions

To keep up with the changing world, contribute to societal development and provide
employment opportunities to graduating youth, there is a widely acknowledged need
to improve the quality of higher education in SSA. Teachers play a major role in this
quality shift and thus, it is important to understand how teachers themselves perceive
teaching and their own capacities.

Despitemajority of teaching staff from the studyuniversities have participated to ped-
agogical trainings, they recognize lack of pedagogical understanding among themselves,
perceiving their theoretical pedagogical knowledge rather weak. Low knowledge rating
among the junior teaching staff indicates that the pedagogical pre-requisites for entry
level teaching staff are low or non-existent. Perception of knowledge varied between
different universities, with respondents from universities with least participation to ped-
agogical trainings and/or lowest trainings lengths perceived also lowest knowledge.
The bulk of pedagogical trainings participated have been short, lasting no more than a
working week. These short trainings do not seem to have substantial effect to teaching
approaches used, and probably short trainings are also the cause of the low pedagogical
knowledge.

Interest and valuation towards PBL aremuch higher than the actual usage and knowl-
edge of the practice and theory behind it, suggesting that there is a demand to both
learn more about the practice and willingness to implement it. This combined with the
perceived low knowledge of pedagogy clearly indicates that there is need for more the-
oretical and practical training for teaching staff. As training length seem to positively
impact to changes on teaching approaches, we recommend structured and longer, in-dept
trainings to all teaching staff, but especially to the junior staff. To be able to bring PBL
to the real-life settings, university teachers should be supported to establish contacts and
partnerships to external actors, that can provide workable cases for PBL.

To provide equal opportunities to graduates from different universities, as well as
staff members, we suggest especial emphasis on the universities with lowest perceived
knowledge and lowest participation to pedagogical trainings. These universities should
be supported in developing competent staff and graduates.

For future research, we suggest studies comparing university staff’s perceptions
on PBL compared to traditional, lecture-based approaches, and inclusion of not only
teaching staff but the whole academia including management. There is also need for a
study investigating how interest and valuation of PBL can be turned into adoption and
implementation, what kind of support would be needed to enable the use of the practice.
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Abstract. It is a known fact that an increasing number of areas will face water
stress in the future. We have to take even the smallest water sources into use,
we have to reuse waters more often and we have to save fresh water as much as
possible. This all requires more attention to so-called diffuse pollution as well. We
have to reduce water pollution caused not only by big industry and by centralised
wastewater services but by every single source/activity no matter how small it
is also. This paper describes the differences between point source and diffuse
pollution and how the legislation in Finland has developed to remove some diffuse
pollution sources into the category of point source pollution. It is most evident that
the development will continue when water analyses become more accurate and
specific and when we are able to get online data from watersheds due to advanced
digital solutions. A new tool called Watershed Safety Plan (WSSP), to eliminate
even the smallest diffusion pollution sources, is now under piloting in Finland. The
WSSP approach can be seen as a follower to Water Safety Plans and Sanitation
Safety Plans implemented by water utilities. The idea is to research watersheds
in detail - like using a magnifying glass - to find critical points threatening water
quality and to plan actions to get rid of them or diminish risks at least. The WSSP
toolbox can be used to reduce risks related to water quantity as well.

Keywords: Water protection · Diffuse pollution ·Watershed · Road map for
circular economy

1 Water Resources and Diffuse Pollution

Four billion people experience severe water scarcity for at least one month each year.
And an estimation is that, by 2025, roughly half of the world’s population could be
living in areas facing water scarcity [8]. At the same time, water pollution is worrying
all around the world. In many countries, even point source pollution is incompletely
controlled. The text below is dealing with diffuse pollution, which is the main reason,
for example, for eutrophication of many lakes in Finland. Finland is taken as an example
because of a new tool called theWatershed Safety Plan (WSSP) approach to fight against
diffuse pollution. The WSSP approach is currently piloted in Finland.
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1.1 The Need for Diffuse Pollution Control

There are enough water resources in Finland – precipitation is 660 mm/a, and the total
amount of water is more than 2000 km3/inhabitant. When talking about water resources,
Finland is number one in the European Union [4]. Even so, climate change will bring
some challenges to Finland as well.While in many parts of the world severe droughts are
worrying, in Nordic Countries, predictions are showing increment in annual precipita-
tion. In Finland, the growing season for vegetation is roughly four months per year only.
When the temperature becomes higher, instead of snow cover and frost during winters,
the country will face more rain and thus, more diffuse pollution from agricultural areas
mainly, but from forests and urban areas as well [10].

So far, themitigation of diffuse pollution has depended on single actions placedmore
or less randomly in catchment areas. For example, the agri-environmental programme
in Finland has been supporting farmers in implementing sedimentation ponds, wetlands,
etc. according to their own interests and naturally on their own farms – without consid-
ering the catchments as a whole. This has not been an efficient way of reducing nutrient
loads causing eutrophication in waters. Actually, very little or no reduction has been
measured [3, 7].

The European UnionWater Framework Directive (WFD 2000) has been shown to be
the most ambitious piece of EU environmental legislation. Its aim is to restore European
waters, but in spite of positive development, not all results have beent reached so far. The
main objectives were – and still are – non-deterioration of water status and achievement
of good status for all EU waters. It seems that some new tools are needed to fulfil the
directive’s targets [11].

Implementation of EU’s Drinking Water Directive is to ensure healthy drinking
water for all. One important task in this work is the so-called risk assessment, taking
into account the entire water production and distribution system. Thus, water utilities
producing drinking water should have risks assessed in the catchments as well [2].

There aremanyother reasons to be listed in supporting the need for newapproaches in
water protection. One regional document to be mentioned is the Road Map for Circular
Economy in Kanta-Häme. Kanta-Häme is a region of 11 municipalities in Southern
Finland. The road map which was published in the beginning of 2022 includes five
sub-areas, one being water use and water bodies. An ambitious goal under this sub-area
is to reach the diffuse-pollution-free region by 2035. One important tool mentioned for
working towards this goal is the Watershed Safety Plan (WSSP) approach. Thus, when
implemented, the road map is one route to reach the targets of WFD as well [6].

2 The Difference Between Point Source Pollution and Diffuse
Pollution

The word responsibility has quite an interesting and important role when considering
TheConstitution of Finland (731/1999) [9]. In Section 20 of the constitution, it is written:
“Nature and its biodiversity, the environment and national heritage are the responsibility
of everyone.” This is underlined in the Environmental Protection Act (86/2000) [1]. In
this act, there are several principles that people and organisations should follow in their
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daily operations. All should be aware about their effects on the environment, risks should
be minimised, the best available technology and best available practices should be taken
in use, etc.

Now, when considering the word responsibility and the mentioned legislation, one
could answer the following: Who is to mitigate, for example, the pollution seen in the
Fig. 1?

Fig. 1. Diffuse pollution originates quite often from a visible point.

Actually, when looking at various pollution sources and legislation carefully, one
can notice that the only difference is control. Point source pollution is (or it should
be) under control. Small but numerous pollution sources which are not controlled are
considered under the concept of diffuse pollution. A good example is on-site sanitation
(Fig. 2). Finland enacted new legislation for household-level wastewater treatment in
the beginning of this century. Thus, on-site sanitation was taken from the category of
diffuse pollution into the category of point source pollution.
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Fig. 2. When legislation and technology are advancing, more diffuse pollution sources will be
removed into the category of point source pollution [5].

How can small pollution sources be tackled effectively with existing limited
resources? This is the question to which the WSSP approach tries to bring a practi-
cal solution. The approach is nothing complicated, only working systematically and
using so-called common sense.

3 Watershed Safety Plan Approach

The WSSP approach is now in its piloting phase in Finland. The idea is based on Water
Safety Plans (WSP) [12] and Sanitation Safety Plans (SSP) [13] promoted by WHO.
WSP and SSP are meant to secure human health by investigating the whole water service
chain to find and mitigate all possible risks. WSSP is to do the same in the catchment
areas. The only difference is that WSSP is concentrating not only on the human health
aspects but also on all kinds of risks – ecological, environmental and even economical
risks. By utilising WSSP, together with WSP and SSP, the whole water circle (not the
atmospheric water) becomes secured (Fig. 3).
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Fig. 3. WSSp approach will complete the safety of water circulation

3.1 How to Implement WSSP

There is no fixed way to utilise the WSSP approach yet. The first-ever piloting is on-
going in Finland in 2021–2022. The pilot is implemented by following the steps ofWSP,
as shown in Fig. 4.

To ensure that limited human resources are needed as little as possible, all available
open data and various GIS-tools are utlised first. After obtaining various maps of the
catchment - land use, ditches, networks for wastewater and run-off waters, point source
pollution sites, etc. - and researching them one above the other, possible ‘hot spots’ (=
points where the probability of diffuse pollution is obvious) can be located. The steps
onward depend on the catchment itself. Tools to be utilised are different when working
in agricultural areas, forests or in urban catchments. In some cases, the next tool to be
considered might be a drone, in some other cases it might be a set of meetings with land
owners, and so on. Naturally, when talking about mitigation actions, the variety of tools
is really manifold. That is why, instead of WSSP, one should use the concept WSSP

Fig. 4. In the first piloting of the WSSP approach, the steps in WSP are followed to some extent.
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toolbox. From the toolbox, the most appropriate tools are to be utilised, and the whole
process is tailormade depending on the local circumstances.

So far in the pilot case, the catchment, land use and various networks in the area are
defined. An example of the land-use map is in Fig. 5. Today, more detailed investigations
are ongoing.

Fig. 5. Various land uses in the Kuhalanoja catchment area in Forssa, Finland

When applying the WSSP approach in another area, one could use much simpler
chains of action than given in Fig. 4. There are just a few principles to take into account:

– First use open data and tools which limit the need for human resources.
– In most cases, investigations in private estates are needed. Thus, communication is
inevitable to avoid conflicts and drawbacks in water protection.

– Be systematic – it is the only way that all important diffuse pollution sources can be
found and sustainable results gained.

3.2 Development of WSSP Approach

It is evident that more of the pollution sources, which today are considered diffuse, are
going to be tackled as point source pollution (see the big arrow in Fig. 2). Thus, either the
WSSP approach or something similar must be developed. There are several initiatives
where the WSSP approach is involved today, and the development work is advancing.

There are many advantages when using the WSSP approach instead of water quality
improvements only. For example, flooding in big cities is causing extremely expensive
damages, and WSSP could be used in finding the most risky places to cause flooding
problems and tools for mitigating those.
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4 Conclusions

While there is plenty of work to do to control point source pollution worldwide, in most
parts of Europe, the fight against diffuse pollution is at the top of the list. This is seen, for
example, from Sect. 1.1. So far, the actions taken have not been very promising. Thus,
new, more-efficient tools are required. The WSSP approach is investigating catchments
like using a magnifying glass, and even the smallest pollution sources are found and
mitigation measures planned, designed, implemented, monitored and reported.

The challenge to create diffuse-pollution-free catchments and regions is really ambi-
tious. The WSSP approach is one of the tools under piloting. More tools are invited to
gain experience and make actual progress in water protection work.
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Abstract. By 2050, the world’s population will reach about 10 billion people,
which will the need for food by about 60% more than is available today. To meet
this need, new processes are emerging to allow more efficient and sustainable
intensification of agriculture. In this context, the use of biostimulants has received
increasing attention, due to their ability to improve plant quality and yield, stress
tolerance, and/or improve the availability of nutrients in the soil. When it comes to
Cyanobacteria, the preferred ones are N2-fixing species, which increase organic
nitrogen in the soil, and produce hygroscopic exopolysaccharides, which alter the
distribution ofwater by reducing soil hydrophobicity. Therefore, they decrease soil
evaporation and retain moisture, improving soil stability. Wild strains of filamen-
tous N2 fixing Nostoc 135, Nostoc 136, Nostoc 137, and Anabaena 4, provided
by Alga2O Lda., were grown in the laboratory with the aim of selecting those that
presented the necessary physiological characteristics to be efficiently grown in
the laboratory. Therefore, the growth rate, productivity, and exopolysaccharides
(EPS) contents were analysed. The EPS obtained from each strain culture (3%
g/L) was applied to lettuce seeds (Lactuca sativa), to determine the germination
rate, primary root length and number of primary leaves produced. As confirmed by
other authors, Cyanobacteria are interesting biostimulants regarding germination
rates. Other effects to be tested in the future are heat and drought tolerance, water,
nutrients, essential oil, and pigment content, all of which are positive aspects that
have been previously reported for other Nostoc and Anabaena species.

Keywords: Anabaena sp. · Nostoc sp. · Growth rate · Exopolysaccharides ·
Biostimulant · Lactuca sativa · Germination rate · Longest root length

1 Introduction

The exponential growth of the human population raises questions regarding the per-
formance and efficiency of agriculture. Moreover, global arable land is decreasing due
to urbanization, degradation and climate change [1]. To address such challenges, sev-
eral biotechnological approaches have been tried in recent years, namely the use of
biostimulants to optimize the productivity of crop plants [2–6]. Biostimulants can be
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defined as products that do not contain nutrients and have a beneficial effect on plant
growth. Such products consist of humic acids, marine algae (seaweed) extracts, non-
hormonal plant metabolites and vitamins [7]. Biostimulants offer a novel approach to
the regulation/modification of physiological processes in plants to stimulate growth, to
mitigate stress-induced limitations, and, thus, to increase yield in cultivated plants [8].
Among the interesting macroalgal and microalgal species that have been tested as crop
biostimulants, cyanobacteria have proved to be among the most interesting.

Many cyanobacteria are known to produce growth promoters such as auxins and
gibberellins [9], which regulate plant growth and metabolism of crop plants, thus having
a positive effect on seed germination rate and plant growth of vascular plants, namely in
rice [10], wheat [11], maize [12], tomato [13], and spinach [14]. Cyanobacteria have also
shown interesting antagonistic effects against plant pathogens [15], and increase toler-
ance to stress conditions [16], among other positive effects. Moreover, cyanobacteria
also have positive ecological effects on dry soils, by promoting microbiota [17, 18] and
improving soil water distribution, by decreasing evaporation and absorbing condensa-
tion moisture, but also by increasing the stability of soil through the ability to withstand
erosion, accumulating soil organic matter, favouring the fixation of carbon, producing
organic nitrogen, and supplying essential nutrients to plants, thus improving growth,
health, and yields of plant crops [15, 17, 19–21]. The most efficient cyanobacteria are
N2-fixing cyanobacteria, most of which have heterocysts, specialized cells that convert
nitrogen into ammonia, making the nitrogen available to plants [22]. Some cyanobac-
teria also exude exopolysaccharides (EPS) which are hydrophilic and adsorb water and
nutrients, thus improving the chemical and physical quality of the soil [17].

The aim of this work was to grow four strains of heterocystic N2-fixing EPS pro-
ducing cyanobacteria, to select those with the required physiological characteristics to
be efficiently grown in the laboratory. Therefore, the growth rate, and the content of
exopolysaccharides were analyzed, to determine the optimized cultivation parameters
for each strain.

The EPS obtained from each strain cultivations, in the form of aqueous extracts, was
applied to lettuce seeds (Lactuca sativa) to determine the germination index, and thus
to conclude the biostimulant effect of these compounds on a model plant.

2 Material and Methods

2.1 Cyanobacteria Cultivation

The cyanobacterial strainsAnabaena 4,Nostoc 135,Nostoc 136, andNostoc 137 (Fig. 1),
were obtained from the Alga2O Bank, Coimbra (Portugal), on September 10th, 2019,
and were transported to the laboratory in test tubes properly covered with foil, to avoid
excessive sun exposure. On arrival, cells were transferred to 250 mL flat-bottomed
flasks with BG-11 Medium as described in Ripka et al. [23] modified by McFadden &
Melkonian [24]. The cyanobacteria were grown in a climatic room (20 ± 2 °C), with
constant aeration, under a Daylight cool white fluorescent lamps at 10.8 µmol m−2s−1,
with a photoperiod set at 16:8 h (Light:Dark).
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Fig. 1. The four heterocystic EPS producing cyanobacterial strains grown in the assays: 1a)
Anabaena 4; 1b) Nostoc 135; 1c) Nostoc 136 and 1d) Nostoc 137.

2.2 Cyanobacterial Growth

Each starter culture used a 20% inoculum, which was distributed in 500 mL flasks, as
homogeneous as possible. Two replicates were performed, each with 9 flasks, counting
from day zero to day 28. Because the cultures are very heterogenous, preventing a
uniform sample from being taken, periodically, the total volume of a flask was filtered
(Prat Dumas 125 mm, France) and the biomass was dried (Binder FD 115) at 105 °C for
24 h. Dry weight was determined on day zero and every three or four days.

The maximum specific growth rate, µ (g day−1), of each culture were calculated
according to Lam et al. [25]:

µ = ln x2 − ln x1
t2 − t1

(1)

where, x1- Initial biomass concentration, x2- Final biomass concentration, t1- Initial
time, t2- Final time.

2.3 Exopolysaccharides’ Extraction

The extraction followed themethodology described by Flores&Tamagnini [26]. Briefly,
100 mL of culture sample was collected and centrifuged (Eppendorf, 5804) at 14,610 g
for 10 min, and the supernatant collected. Dialysis membranes 10 KD (Fisher Scien-
tific, Biodesign™ Cellulose Dialysis Tubing Roll) were previously activated in 70%
ethanol for 24 h, washed with distilled water, filled with the supernatant, and sealed.
The membranes were placed in a goblet with 2 L of Milli-Q water on a magnetic stirrer
plate (Ika, C-Mag HS7) for 24 h, with periodical changes of water. Dialyzed samples
were collected and centrifuged (Eppendorf, 5810R) at 18,514 g at 4 °C for 15 min to
remove most contaminants. Then, supernatants were collected, and a double volume of
cold 96% ethanol was added to precipitate the polymer. The resulting suspension was
incubated overnight at 4 °C. For polymer recovery, the suspension was centrifuged at
13,000 g for 25 min at 4 °C. After discarding the supernatant, the pellet was resuspended
in a small volume of MilliQ water, freeze-dried and weighed, affording the final EPS
content. Results are expressed in mg L−1.
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2.4 Germination Assays

The four cyanobacterial EPSwere rehydrated withMilli-Qwater to a final concentration
of 3% and were stored at 4 °C until use. Due to the gelatinous nature of the EPS extracts,
they were placed in a 45 °C water bath for 20 min. Three replicates of 15 seeds each
were used. The seeds were immersed in 1 mL of extract for 2 h and then placed in a Petri
dish with 2 sheets of filter paper previously moistened with Milli-Q water. The Petri
dishes were sealed and placed in a climatic chamber (Aralab, Fitoclima D1200PLH)
with a 12:12 h photoperiod, temperature at 20ºC, and humidity at 90%. The effect of
the EPS was evaluated by determining the germination rate (GR, Eq. 2) and the longest
root length and number of leaves [27], for 5 days.

GR =
number germinated seeds

total number of seeds
× 100% (2)

2.5 Statistical analysis

All assayswere performed in triplicate, except for the growth curves that were performed
in duplicate. Data are expressed as mean ± standard deviation. All statistical analyses
were considered significant at p-value < 0.05. To test normality and variance homo-
geneity, the Kolmogorov-Smirnov and Shapiro-Wilk tests were used, respectively. As
the data did not meet these assumptions, the non-parametric Kruskal-Wallis tests were
used. Statistical analyses were performed using IBM SPSS statistical software, version
21.0 (IBM Corporation, Armonk, NY, USA). Calculations were performed with SPSS
Statistics 28 (IBM Corporation, Armonk, NY, USA).

3 Results and Discussion

3.1 Cyanobacterial Growth

The four strains show relatively extensive growth, with maximum values of specific
growth rate (µ) of 0.432 g (DW) day−1 in Nostoc 136, at day 17. Anabaena 4, Nostoc
135, and Nostoc 137 have maximum specific growth rates (µ) of 0.136 g (DW) day−1,
0.267 g (DW) day −1 and 0.298 g (DW) day−1, respectively, at days 14, 11 and 17. The
cyanobacteria when cultivated in batch system showed classical shape growth curves
(Fig. 2). No extensive lag phase was observed in any of the cultures, as the inoculum
originated from a dense starter culture (20%), so the need for adaptation to a newmedium
was reduced. The growth rate of the inoculumwas exponential until day 21 forAnabaena
4 and day 18 for Nostoc 135, Nostoc 136 and Nostoc 137, days from which the growth
rates decreased.

Anabaena 4 has a lag phase that lasts until day 7, corresponding to the adaptation
phase of the cells. The exponential phase then begins and continues until day 21when
the productivity achieved is 30.03 mg L−1day−1. The growth rate decreases during the
stationary phase, which lasted until day 25, then the decline phase is visible (Fig. 2a).

Nostoc 135 and Nostoc 136 show very similar growth patterns. The productivity is
the highest by day 18, during the exponential phase, reaching 20.77± 4.97mgL−1day−1



30 T. Mouga et al.

and 23.26 ± 4.57 mg L−1day−1, respectively. The strains never reached the declining
phase, achieving the maximum biomass concentration on day 28, with of 0.55 ± 0.06
gL−1 (DW) and 0.43± 0.32 gL−1 (DW), respectively (Fig. 2b, 2c). Finally, Nostoc 137
shows a very heterogenous growth rate among the surveyed days, making it difficult to
understand the growth curve. Yet, it seems that the strain reached a narrow stationary
phase between day 21 and 25, with the highest productivity on the exponential phase
day 18 with 14.29 ± 0.90 mgL−1day−1 and the highest biomass concentration on day
25, with 0.47± 0.22 gL−1 (DW), followed by a declining phase with a negative growth
phase (Fig. 2d).

Fig. 2. Growth curves of the 4 cyanobacteria strains grown for 28 days: 2a) Anabaena 4; 2b)
Nostoc 135; 2c) Nostoc 136 and 2d) Nostoc 137. Data are expressed as mean± standard deviation
(n = 2).

All the strains exhibit a mucilaginous sheath that agglomerates the filaments in the
media where they are growing. The most heterogenous is Nostoc 136 and the least
is Anabaena 4. The large standard deviations registered were due to the extremely
heterogeneous cultures recorded for these strains.

The growth registered for the strains produced are within the expected values given
by other authors [28, 29], although growth may be significantly enhanced by optimizing
light and temperature, or supplementing macronutrients [30].

3.2 Exopolysaccharides’ Production

The exopolysaccharides extraction yields can be seen in (Table 1). EPS content varies
considerably among strains, with Anabaena presenting the highest values. Tiwari and
co-workers [31] report a range of EPS production for different bacteria between 60 and
1,580 mg L−1. Angelis et al. [32] obtained a content of 1.04 g L−1, for Arthrospira
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platensis, after 26 days of cultivation. EPS production is associated with the stationary
phase [33], therefore, extending the cultivation period beyond 14 days, as in the present
work, would probably increase the EPS content of the cyanobacteria.

Table 1. Exopolysaccharide’s extraction yield, for the four strains of Cyanobacteria, after 14 days
of growth. Data are expressed as mean ± standard deviation (n = 3).

Strain EPS (mg L−1)

Anabaena 4 876.50 ± 91.01

Nostoc 135 195.00 ± 22.61

Nostoc 136 42.67 ± 2.87

Nostoc 137 5.67 ± 0.60

3.3 Biostimulant Assay

Lettuce seed germination was registered daily, for 5 days, and the germination rate was
determined. The tested EPS extracts were much efficient than the control, especially on
day 1, allowing a germination of more than 70% of the seeds on the first day and more
than 93% of the seeds on the second day (Fig. 3). Statistical analysis reveals that there
are statistically significant differences (p< 0.05) between the germination rate recorded
in the presence of all EPS, when compared to the control, by the Kruskal-Wallis tests
(X2(4) = 25.54; p < 0.001). There are no significant differences among the different
extracts.

Fig. 3. Germination rates of lettuce seeds, after being soaked in cyanobacterial exopolysaccha-
rides extract. CT (control). Data are expressed as mean ± standard deviation (n = 3).
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On the fifth day, the control reached 91% germination, while the EPS extract from
Anabaena, and Nostoc 136 reached 100% on the third day, EPS extract from Nostoc
135 reached 100% on the fourth day and EPS extract from Nostoc 137 reached 98% of
germination rate from the third day on.

As to the length of the longest root after five days of growth, the results are also
promising, for the control only reached 0.35 cm by the fifth day, while the EPS extract
from all the cyanobacteria tested reached longer lengths (between 1.09 and 1.11 cm).
Also, statistical analysis showed the existence of statistically significant differences (p
< 0.05) between the longest root length measured in seedling in the presence of all
EPS, when compared to the control, by the Kruskal-Wallis tests (X2(4) = 36.705; p <

0.001). Once again, there are no significant differences among the different extracts in
this variable.

Finally, the number of leaves is less impressive, but also noticeable, with the control
presenting a mean number of leaves of 1.78, while the lettuces germinated under the
cyanobacteria EPS extracts showed a mean number of leaves ranging from 1.85 to 2
(Fig. 4). No significant differences were detected in any of the extracts and the control.

Fig. 4. Number of leaves and length of the longest root, of lettuce seedlings after five days of
growth. Data are expressed as mean ± standard deviation (n = 3).

Similar results were obtained by other authors not only for lettuce but also in other
crops [22, 34] showing that cyanobacteria present biostimulating compounds with high
biotechnological potential, amongwhich are exopolysaccharides. In addition to the effect
on germination and growth, EPS are also known to increase salt tolerance on crop plants
[35], a feature that deserves to be further investigated.

4 Conclusions

This preliminary work on the four new cultivated strains of cyanobacteria proved that all
of them are capable of being cultivated in the laboratory and possibly at pilot/industrial
scales. The major constraint will be the great heterogeneity of the medium. Both the
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optimisation of the growth promoting factors and those that favour EPS production
need to be further investigated. In this work the efficacy of EPS as biostimulant has
been clearly demonstrated. EPS should therefore be tested on other crops, and other
plant growth parameters should also be evaluated, such as resistance to drought and salt
stress, and the production of primary and secondary metabolites.
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Abstract. Reconstruction of brownfield sites is part of the EU cohesion policy, a
priority area for EU development funding, and a permanent theme for the Commit-
tee of the Regions. Redevelopment of brownfield sites is also a solution to ensure
sustainable urban sprawl and land management. One of the main advantages of
brownfield investments over greenfield investments is, that on the one hand it
is not necessary to build the utility infrastructure and road network because it
is already built, and on the other hand the development is land-saving, as it is
not necessary to declare new undeveloped areas as construction areas. Another
advantage can be mentioned: the investment is implemented and the improvement
of the environmental conditions, contributing to the appreciation and sustainable
development of the settlement. At the same time, the development of brownfields
causes challenges during urban planning. On the one hand, an attractive regulatory
environment has to be created in the master plans for investors, usually with a high
building ratio, but on the other hand, sustainable transport for the area still has
to be ensured for the long term. According to our experiences, in order to satisfy
the cost-effective investment intention of investors, there is a need to ensure the
maximum build-up density of the area, which generates a much higher transport
demand than before, which the existing transport infrastructure and services can
no longer fulfil, and therefore capacity expansion will be required. However, to
ensure sustainable settlement development, the additional traffic demand gener-
ated by the brownfield redevelopment must be served following the methodology
and criteria of sustainable transport development. Using the experience of a Hun-
garian case study, the authors present a new brownfield redevelopment model,
which can help decision-makers and planners to make the right settlement plan-
ning decisions, apply optimal transport planning criteria and methods, and select
the adequate, sustainable transport development tools for brownfield investments,
during preparation and implementation.

Keywords: Sustainable settlement and transport development · Settlement
planning ·Master plan · Brownfield development · Sustainable transportation
development tools
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1 Introduction

1.1 Introduction of the Brownfield Development Areas

At the beginning of the 1990s, the loss of the Comecon markets [1] and the withdrawal
of Russian soldiers caused a substantial paradigm shift in the country’s economy and
settlement development [2]. As a result, factories were bankrupted, left without function,
and barrackswere emptied after thewithdrawal of Soviet troops (between 1945and1990,
the Soviet army used at least 342 sites, in at least 108 settlements) [3].

These areas that have lost their function, called brownfields, like urban wounds,
are disfigured in the urban structure. There are almost 6,000 hectares of brownfields in
Hungarian cities. Most of these areas are located in an urban environment [4].

1.2 Sustainability Benefits of Brownfield Developments

The different definitions in Europe, the United States, and Asia describe brownfield sites
in a similar way as abandoned or underused properties where the actual or suspended
presence of hazardous substances, contaminants, or contaminants requires intervention
to ensure beneficial reuse. The health and economic hazards of brownfield sites and the
challenges and opportunities for their reuse are addressed in the international literature
worldwide [5].

Despite the difficulties and high costs of brownfield developments, their social and
environmental effects are indisputable. A research team examined and evaluated 200
brownfield real estate investments in the United States. The study found that socioeco-
nomic factor (income level), green development, and tax were significantly correlated
with brownfield renovation [5].

For this reason,European, national and regional development strategies andprograms
have been set up in recent years to support such developments.

According to the brownfield redevelopment in the EU-conference report (2019),
brownfield redevelopment has to be promoted as a solution to limit urban sprawl, land
take, and soil sealing. Inspiring policies, good practices, and EU funds have also been
explored for efficient brownfield redevelopment [6].

The planning and investment program for the future growth of Hungary’s regions,
cities, towns, and rural areas is based on the EUDevelopment Plan of Hungary for 2021–
2027. The focus areas of the development plan are included in the so-called Operational
Programmes. For example, the main objective of the so-called Land and Settlement
DevelopmentOperational ProgramPlus is to improve citizens’ quality of life. In addition,
it is the goal of the integrated urban development interventions local transport, green
and blue infrastructure, ICT, and smart settlement, through the brownfield andmunicipal
energy developments, which also serve sustainability and climate protection purposes
[7].

One of the most crucial land use recommendations of the National Development
2030 - National Development and Spatial Development Concept (OFTK) is also the
economic and well-thought out use of land [8].
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Main areas of intervention:

– rehabilitation of brownfield sites with new functions (community, cultural, green
space, etc.),

– rehabilitation of rust zones (e.g., family and climate-friendly), including the renovation
and utilization of the building stock.

1.3 Legal Framework

The ‘Building Act LXXVIII of 1997’ consists of planning and protecting the built
environment, the essential requirements, means, rights, obligations, and related tasks.
The ‘Act LXIV of 2019’ amended the previous one and established basic rules for
brownfield sites. The Building Act also requires that, if there is a brownfield area in
the administrative territory of the local government, the local government is obliged to
define the brownfield in the settlement planning tools (e.g., master plan, land use plan,
and zoning plan) and to ensure the possibility of redeveloping the brownfield sites during
the planning of the settlement development concept and strategy [9].

Brownfield areas so defined in the local master plan, which includes analysis, recom-
mendations, and proposals for the site’s population, economy, housing, transportation,
community facilities, and land use. Currently, the Master Plan defines the construction
concept of the brownfield redevelopment.

The zoning plan is part of the master plan, which includes detailed rules on how the
brownfield area can be used. The building code of the zoning plan specifies the standards
for constructed objects, such as buildings on the brownfield, focusing on the building’s
physical features, including characteristics that affect accessibility and safety.

According to the current practice, a brownfield redevelopment project starts with
studying the building regulations. Then, it continues with the analysis of the relevant
parameters of the settlement planning tools (master plan and zoning plan) and then the
review of the installation parameters (building code).

Feasibility studies such as the analysis of urban architecture, environment, and trans-
port are done as second steps. Finally, the building programof the brownfield is developed
after the feasibility studies, but it is usually based on the urban architecture feasibility.

2 Case Study

Szechenyi Istvan University (SZE) is at the gate of large-scale development. A Science
and Innovation Park will be built on the former Biscuit andWaffle Factory site in Gyor as
a brownfield development project, which will be one of the eight science and innovation
parks planned in Hungary.

The establishment of science parks in several countries plays a major role in the
functional change of brownfield sites.

According to the experiences of a Czech study, renewable brownfields aremorelikely
to be found in settlements with higher local development potential, proximity to the
regional center and the main road network and high quality of local infrastructure [10].
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Technology-oriented businesses have settled in these parks, formerly located in
industrial and military areas, typically near university and research bases. It was the
first time in Hungary in Budapest that science or technology parks were established in
brownfield areas (In-fopark, Graphisoft Park) [11].

The Szechenyi IstvanUniversity owns this 3.6 hectares development area. The devel-
opment area is within 5 min walking distance from the university campus and 10 min
from the city centre. The planned investment is divided into three phases. In the first phase
of the investment, a 6000m2 buildingwill be renovated for R&D and education use (pink
marking in Fig. 1). In the second and third phases (marked with green and blue), new
buildings will be established for enterprises, research organizations, research groups,
start-ups, spinoffs. Altogether 47,000 m2 net floor area is planned to be constructed.

Fig. 1. The site of the former Biscuit and Waffle Factory and the planned Science Park

2.1 Urban Development Tools

The redevelopment of brownfield sites within urban areas is considered a sustainable
land use. The use of a methodological approach to brownfield redevelopment should be
based on an assessment of the existing context, the external context of the site and the
use of local indicators [12]. The redevelopment of the brownfield of the former biscuit
factory for science park was examined in the context of the valid settlement development
decisions, such as the ‘Long-Term Settlement Development Concept of the City of Gyor
(2014–2030)’ [13], and the ‘Integrated Settlement Development Strategy of the City of
Gyor (2014–2020)’ [14]. The existing urban planning tools were analysed as well, in
detail: the changes in the process of settlement planning, the current legal environment,
the master plan of the City of Gyor [15], and the relevant provision of the local ordinance
for the protection of the settlement ‘Building Regulations of Gyor Decree of 39/2021
(XI.30.) [16].

2.2 Analysis of Urban Architecture

The urban architecture feasibility study focused on the requirements of the building law
according to the brownfield plot, the built environment of the district, and the aspects that
influence the installation possibilities [17]. The results of the urban architecture analysis
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have been defined the installation plan of the brownfield. The results of the analysis on
the urban architecture are assumed in Table 1.

Table 1. Feasibility study: analysis of urban architecture

Analysis of indicators Conclusions

Plot size The average plot area in the district 500–1500 m; building plot 3.6 Ha

Built-up density The average built-up density in the district 20–45%; building plot 60%

Building height The average building height in the district is 7–7.5 m; ‘Cube building’
25 m; max. Building height 21 m

Morphology The construction character surrounding the project area shows a very
mixed picture

At the time of theMaster plan of 2006, the buildings of the former biscuit factorywere
still standing, and the zoning plan still considered the use of the plot as a ‘commercial
service’ area. However, the area was converted to ‘mixed land use’ in 2010 for better
market sales. With this action, the city captured its vision of changing the function of
the brownfield area.

The utilization of the original parts of the Biscuit Factory related to the university’s
research and development activities was included in the 2006 large-scale development
plan only at the level of proposals.

Finally, the Municipal General Assembly approved the current valid master plan
in 2013, with the 194/2013. (IX. 27.) decree. This decree sets out the current standard
construction rules for the area, such as maximum building ratio 60%; minimum green
area ratio 20%; maximum floor area ratio 3.0; maximum building height 21 m.

2.3 Transportation Analysis

The primary purpose of the transportation analysis [18] was to design and determine the
traffic needs generated by the planned installation.

Table 2. Feasibility study: transportation analysis

Aspects Conclusions

Location in urban space Neighborhood district of the university and the
city center, close vicinity of the river
Moson-Danube

Modal-split Expected to be similar to the city’s: 40% private
cars, 30% PT, 20% walking, 10% cycling

Transport needs of the inner city Inner city’s transport needs are reasonably
fulfilled

(continued)
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Table 2. (continued)

Aspects Conclusions

Transport needs of the outer city The site is accessible from outside the city

Existing road network The transport infrastructure network is
appropriate, but there is a shortage of capacity in
peak hours

Intersection’s capacity The four roundabouts of the access road are
exhausted

New transport investments in the wider
environment

Western bypass and the construction of a new
bridge are in progress

Travel plans Not available

Bicycle facilities The site is connected to the expanded bicycle
network

Pedestrian facilities Sidewalks surround the site, but parking cars
often hinder walking

Electric charging, micro-mobility A charging station is in short distance

Current bus service The excellent bus network, but the frequency is
not sufficient

The results of the transportation analysis are presented in Table 2 and Fig. 2.
Based on traffic counting and forecasting of the examined area, it was concluded

that its capacity reserves are currently exhausted, and significant congestion is observed,
especially along the main axis. Expanding the Radnoti street for a 2× 2 lane road would
result in a capacity reserve, but it would involve narrowing or abolishing pedestrian,
bicycle, and parking facilities. Nevertheless, the width of the two-lane Jedlik bridge
cannot be increased as well.

Furthermore, the traffic flow in the four roundabouts along the main access road
is being restricted in peak hours. Implementing turbo roundabouts would increase their
capacity 1.5 times, however, the built-up density and the short distance of the junctions do
not allow it. Installation of traffic lights would also have insolvable territorial limitations.

2.4 Impact of the Proposed Development on the Transportation

In order to satisfy the generated transportation needs of the Science and Innovation Park,
the following measures were proposed (see Table 3).

The impact of the planned measures on the traffic volume is referred on the current
traffic volume of the Jedlik bridge, 23000 PCU (personal car unit)/day, which is the
highest in the neighbouring road network.

Among the highest transportation-related risks, the current overload of the road
network and the future skyrocketing traffic demands of housing investments are the
most considerable.
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Fig. 2. Road network of the neighbouring area

In the first phase of the project, increasing bus frequency, introducing parking fees
in the area, and expanding the public bike system GyorBike will be implemented simul-
taneously with the renovation of the existing cube building and construction of the inner
roads.

Two side roads (Szarvas and Toltesszer streets) are going to be turned into one-way
streets according to the proposal in order to mitigate parking needs and support traffic
flow. Additionally, bicycle infrastructure is going to be improved locally.

In the second and third phases of the investments, further measures are essential to
maintain an appropriate level of service, such as travel plan, work shift (discouraging
work start at school start around 8:00 a.m.), and increasing parking fee.

In addition, in the short term, some independent road development projects of the
city will have a significant impact on the transportation system of the science park by
decreasing the inner traffic volume of the city, such as the development of road No. 83,
Western bypass and Ipar Street bridge development.

Additionally, some barely realistic transportation projects for achieving higher road
capacity are listed in Table 3. For instance, road development of the Radnoti street
with 2 × 2 lanes, building a new bridge along Jedlik bridge, reconstructing the four
roundabouts into turbo roundabouts or traffic light intersections. A futuristic zip line
between the science park and the university and integration of ship transport into public
transport would also have an estimated positive impact on the road capacity of the area.
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The first phase can be environmentally sustainable by implementing the listed short-
term measures. Phases 2 and 3 will be feasible exclusively if more significant trans-
portation developments come true to decrease the traffic volume of the inner city, and a
remarkablemodal shift will be achieved by implementing sustainablemobilitymeasures.
The goal is to minimize the future motorized transport demand of the entire investment.

Generally, it can be stated that the road network’s existing and future capacity
should be preliminarily taken into account when deciding the building parameters of
the brownfields.

Table 3. Transportation development measures and their effect on traffic volume

1 Based on previous Travel Plan experiences [19].
2Calculated based on the average reverse capacity of the intersections within the area of the
analysis [18].
3Based on the macrosimulation traffic model of the planned western bypass road [18].
4Based on the design guidelines of roads [20].
5Based on the estimated capacity of the different intersection types: turboroundabouts and
signalized intersections [18].
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3 Results

According to the transportation feasibility study’s results, it can be concluded that the
urban planning tools such as the master plan and the zoning plan, which defines the
building code, should not be done without preliminary transportation analyses.

The case study indicated that the brownfield redevelopment areas might cause over-
building in this current valid legal framework, overloading transportation capacities, thus
creating unliveable areas.

The construction rules for a brownfield area, such as maximum building ratio; mini-
mum green area ratio; maximum floor area ratio, maximum building height, should not
be defined without the consideration of the transportation circumstances of the area.

The urban architecture feasibility study can help define the installation plan and
characteristics of the buildings of the brownfield redevelopment projects but should not
be prepared prior to the transportation analysis of the area. The reason behind is that
the characteristics of the buildings, the morphology, and the size of the plots cannot
determine the brownfield’s maximum building ratio sustainably without considering the
current and future capacity of transportation infrastructure and mobility services.

During the preparation of a master plan, before defining the building regulations of
a brownfield, a transportation impact assessment needs to be executed, which considers
the sustainable urban mobility (SUM) principles.

“A Sustainable UrbanMobility Plan is a strategic plan designed to satisfy the mobil-
ity needs of people and businesses in cities and their surroundings for a better quality of
life. It builds on existing planning practices and considers integration, participation, and
evaluation principles.” [21]. SUMP also requires a considerable change in the planning
principles of cities [22]. While traditional transport planning has focused on providing
space for the development of car traffic, SUMP places people and their mobility in the
centre: it supports public transport, walking, and cycling and, at the same time, reduce
car use.

The planning process is carried out by interdisciplinary planning teams with the
involvement of stakeholders. It means that the building concept has to be prepared
to understand sustainable urban mobility values in cooperation with interdisciplinary
planning teams, such as urban planners, architects, and transportation engineers. The
primary purpose of the feasibility studies, both the architecture and the transportation
feasibility study, is to ensure the long-term sustainable development of the district and
the brownfield.

3.1 Introduction of the New Sustainable Brownfield Development Model

Reconstruction of brownfield sites recently has became the mission of governments,
communities, environmentalists, scientists and researchers around the world. Several
studies have aimed to sets out a new framework for effective brownfield renovations.

The purpose of some of the studies was, to provide a framework for establishing
and optimizing the evaluation for brownfield redevelopment projects [5, 23], or monitor
their sustainability [24], however none of themwas taking into account the transportation
issues.
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In order to guarantee the sustainable development of brownfield areas, using the
experiences of the case study, a new sustainable brownfield development model has
been designed. This new model requires a significant change in the national legal policy
framework and calculates with the change of the planning principles of local govern-
ments. The newmodel also summarises the cooperation of the interdisciplinary planning
teams and the typical project planning.

The ‘Transportation impact assessment’ has been added as input for the master plan
considering transportation aspects as a new process element.

Implementing a SUMP needs to appear earlier in the project evaluation process,
following the master plan and the feasibility studies. Previously the SUMP, as the last
step, was not able to supply the transportation needs of sustainable transport modes
optimally because it did not influence the installation plan.

With this new brownfield development model, the sustainable development of the
district is guaranteed, as well as the high-quality environment for citizens and settlers
(Fig. 3).

Fig. 3. Sustainable brownfield redevelopment model
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4 Conclusions

The rehabilitation and redevelopment of brownfield sites are often less competitive
than greenfield sites, especially if their built-up density is economically not optimal
for the investors. However, despite brownfield redevelopment’s often limited transporta-
tion capacity, it has many positive external effects on urban rehabilitation. The Euro-
pean Union funds provide financial support at the international and national levels to
implement redevelopment of brownfield sites. However, the rehabilitation can be sus-
tainable unless the transportation aspects are considered during the master planning
and if the SUMP appears earlier in the project evaluation process. The proposed model
accomplishes the criteria of sustainable settlement and transportation planning addition-
ally ensures the cooperation of the interdisciplinary planning teams and mutual project
planning.
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Abstract. The increasing demand for agricultural crops and the necessity to
reduce environmental impacts from traditional agriculture have led to the emer-
gence of sustainable production systems such as hydroponics and aquaponics.
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electrical energy and controlled greenhouse environmental conditions to be highly
productive. This work presents a monitoring and management system for envi-
ronmental parameters inside an aquaponic greenhouse, that allows the manager
to assess in real-time the working status of the aquaponic system, helping in the
detection of critical conditions that require a quick decision. This system was
developed to measure, through IoT sensors network, the temperature and the rel-
ative humidity of the air, the temperature, pH and the electrical conductivity of
the water that contains the dissolved nutrients that feed the growth of the plants.
It is possible to visualize the measured parameters via the Internet, on a dash-
board, in a mobile application and store these variables in a database. To further
increase the sustainability of the aquaponic greenhouse, the electricity consumed
during its activity will be produced locally by photovoltaic technology. The tech-
nologies proposed in this work may promote the emergence of small models of
greenhouses, implemented by communities and populations, reducing production
energy costs and transportation resources.
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1 Introduction

Nowadays the water-energy-food nexus embraces the Sustainable Development Goals
(SDGs) of the United Nations to satisfy the constant food production [1].

The economic viability of agricultural crops produced in protected environments,
such as greenhouses, is highly dependent on the associated energy and environmental
costs.

With this purpose, the monitoring of these variables, as well as the definition of
solutions aim at minimizing production costs, which is fundamental for the survival and
competitiveness of these companies.

In this context, a new model for collecting physical variables, using a network of
sensors and rapid processing of this data, allowing the manager of these greenhouses to
make quick decisions to increase the overall efficiency of these production systems is
presented below.

1.1 Objectives and Case Study Features

The main objective of this work was initially to analyze the energy consumption of a
case study, a 150 m2 plant production greenhouse with aquaponic technology, located at
Campus 2 of the Polytechnic of Leiria, Portugal, and to develop technological solutions
to improve the energy efficiency and the overall sustainability of this activity.

Thus, the present study aimed to design an energy production system by photo-
voltaic technology, based on a self-consumption scenario or an isolated grid scenario
in accordance with current legislation in Portugal. Moreover, the study also aimed to
develop an IoT-based monitoring system, using the installation of sensors and program
design, so that it is possible to obtain information on key parameters in real-time, which
is fundamental in decision-making in case of detection of critical conditions associated

Fig. 1. Main components in the aquaponic greenhouse.
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with the nutrient solution and/or climatic conditions of the greenhouse of the case study
(see Fig. 1), which has some main components.

The greenhouse features two lateral non-automatic windows for passive ventilation
and a precarious indoor shading system, denoting a great room for improvement to
adequately deal with summer overheating and winter low temperatures that can delay
the growth of fruits and pods. Another aspect will be to introduce systems that detect
the state of maturation of the plants and automatic harvesting of fruits and pods, in this
intensive production process. But this will be the subject of research and implementation
soon.

1.2 Sustainable Production of Edible Plants

Some more exclusive food crops, for certain restaurants or food stores, can use small-
scale greenhouses, where the typology of technology developed and presented below
will be an option for sustainability and decarbonization of the economy. In this context
the edible flowers like dahlia and rose can be used as a source of phenolic compounds
with bioactive potential and can be incorporated in human diet [2].

The production of edible flowers in photovoltaic greenhouses can be a sustainable
possibility. Not only the productions’ methods can be optimized (ex. the microclimate
created can reduce pests), but it also makes possible to generate electricity (as was
demonstrated in a tomatoes’ experimental greenhouse coveredwith flexible photovoltaic
panels) [3–5]. The search for different sources of nutrients (e.g. flowers) to be incorpo-
rated in human diet combinedwith best sustainable production practices, using advanced
technologies, can provide huge opportunities to improve, not only the productivity, but
also the final product quality.

2 Technologies and Developed Model

2.1 Details of This Technologies

For the control andmonitoring of an aquaponic/hydroponic greenhouse [6, 7], the objec-
tive is to obtain a system in which key parameters such as air and water temperature,
relative air humidity, pH and electrical conductivity of the nutrient solution can be
observed remotely, either through of a Web page or through a mobile application. It
is also intended to be possible to control these parameters to desired values, by using
appropriate actuators. These technologies use sensors to obtain parameter values; there
are several types of sensors that can be used successfully. The values that are read from
these sensors will be sent to a microcontroller. Eventually, this device processes the data
and controls the greenhouse using a control unit. The control unit, i.e., a set of actuators
that guarantee the control of the parameters, act when, for example, the temperature is
outside the defined limits, by activating a fan or other mechanism in order to lower the
temperature in the greenhouse.

The microcontroller has the final objective of sending the values of the parameters,
so that they can be monitored through a Web page or a mobile application. The type
of monitoring and control differs for different existing systems, and normally through
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monitoring, it is possible to change the limits defined for this data remotely and in real
time. By controlling the parameters, the use of the devices allows enhances the efficiency,
since it is not necessary, they are on more time than essential. Figure 2 illustrates what
has just been presented [8].

Fig. 2. Greenhouse and associated data control parameters of physical variables.

2.2 Features of Developed Model

Applying the technology presented in Fig. 2, a model was designed for the case study
herein presented, consisting in two main areas (see Fig. 3): 1) Monitoring and visual-
ization system of the key physical variables of the greenhouse; 2) Local production of
electricity by photovoltaic technology by two production regimes in accordance with
national legislation [9].

3 Methodology, Prototype and Results

Considering the components of themodel developed for the case study depicted in Fig. 3,
this paragraph describes the steps in the design of an electric energy production system,
using photovoltaic technology, under two operating scenarios:

1) Self-consumption.
2) Isolated grid.

A monitoring and a visualization system will, also, be presented with the objective
of monitoring parameters related to the plant growth process in the greenhouse and
providing its remote viewing via the Internet or mobile application.
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Fig. 3. Model developed in the case study with the power source energy production, telemetry,
IoT sensor network, remote monitoring, visualization, and control capabilities.

3.1 General Consumptions

Following an energy audit methodology in accordance with the Portuguese law nº 68-
A/2015, which regulates energy efficiency matters and results from the transposition
of Directive nº 2012/27/EU of the European Parliament, it was installed one energy
analyser equipment in the electric panel of the greenhouse to collect consumption data,
during a period of 2-weeks in February 2020, to carry out an analysis consumption of
the installation in this season of the year.

After this, a load diagramwas created (see Fig. 4) to observe the differences between
the consumption of previously existing data as well as the profile of the periods of
minimum and maximum consumption, which reached a value of 1.8 kWeletric. This
maximum consumption is essential for the design the local electricity production by
solar power plant presented in Fig. 3.

3.2 Monitoring and Visualization System

Monitoring and visualization system consisted in the use of telemetry processes, IoT
sensor network, monitoring and remote visualization in the control of the equipment
inherent to these methods of managing these variables. So, the board ESP32-DevKitC
is a small-sized ESP32-based development board produced. Most of the I/O pins are led
out to the pin headers on both sides for easy interfacing. Developers can connect these
pins to peripherals/sensors as needed. Standard headers also make development easy
and convenient when using a breadboard.

This module ESP32-SOLO-1 is a powerful, generic Wi-Fi+ Bluetooth+ Bluetooth
LE MCU module that targets a wide variety of applications, ranging from low-power
sensor networks to the most demanding tasks, such as voice encoding, music streaming
and MP3 decoding. It has a supply voltage of 3.3/5V DC. Through this microcontroller,
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Fig. 4. Load diagram of 2-week sample in 2020 February.

data from the installed sensors is acquired and this information is processed in such a
way that errors are minimized.

The Raspberry Pi 4 Microcomputer or Small Single Board Computer (SBC) is like a
computer built on a single circuit board, with microprocessor(s), memory, input/output
(I/O) and other features required of a fully functional computer. It has a supply voltage
of 5V DC and its purpose is to develop the graphical interface.

Sensor values, Table 1, are sent to the Raspberry Pi via the MQTT (Message Queue
Telemetry Transport) protocol. MQTT is a communication protocol with low bandwidth
and hardware requirements. The broker is installed on the Raspberry Pi, which consists
of using the publish/subscribe paradigm to exchangemessages. The broker is responsible
for receiving and sending messages from publishers to subscribers [10].

Table 1. Components used in the project - prototype designed.

Type Description/Model/Manufacturer

Sensor Water Temperature/DHT11/Flux Workshop

Sensor Environment temperature and relative humidity/DS18B20/ElectroFun

Sensor pH/ SEN0169-V2/DFRobot

Sensor TDS e EC/SEN0244/DFRobot

Microcontroller ESP32 NodeMCU/ESP32 DEVKITC-S1/Espressif Systems

Microcomputer Raspberry pi 4/ MODEL B/Raspberry Pi Foundation

For this, a MQTT routine/function was created that connects the ESP32 to the Rasp-
berry Pi, as can be seen in Fig. 5. When the MQTT connection is lost, there is a routine
that reconnects. The same happens with Wi-Fi.
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Fig. 5. MQTT Function [11].

The sensor data/values are sent at the end of each function; see the type of format
(Fig. 6).

Fig. 6. Some details of the program for sending data of environment temperature, humidity, water
temperature, TDS, pH and EC - electroconductivity through the MQTT protocol.

The block diagram of Fig. 7 presents the processes developed for monitoring and
visualization. TheESP32NodeMCUreceives the parameter data from the sensors,where
the data is processed and sent via Wi-fi to the Raspberry Pi microcomputer. The data

Fig. 7. Block diagram of the monitoring and visualization system
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is saved to have a history of the parameters. Data can also be viewed remotely via a
computer dashboard or mobile application on a smartphone.

A graphical interface was developed using Node-RED [12], allowing connection
with other devices. This interface consists of a dashboard, a Blynk mobile application
[13] and a MariaDB database [14]. Node-RED is a flows-based development tool for
connecting between devices as part of the Internet of Things - IOT.

To visualize the values of the sensor readings, a panelwas createdwith themonitoring
of each sensor. For this it was necessary to develop a flow for each sensor. The graphical
interface on the smartphone can be customized the way one want to visualize the values
of the devices. It can be visualized through a graph, a text box or a pressure gauge; being
this, a simple graphical interface of configuration and very flexible.

To store the values of the sensor readings, a database was created using theMariaDB
software. It is a database that was developed by the creators of MySQL and was created
from MySQL.

To program the ESP32 NodeMCU, the Arduino software, the Arduino IDE [15] was
used. The acquisition of sensor data is done through the software and the same is for
sending the data to the Raspberry Pi. To carry out these processes, libraries such asWiFi,
DHT, OneWire and DFRobot_PH were used. The DHT11 sensor has the objective of
acquiring the ambient and relative temperature data. In order the reading of the environ-
ment temperature values to be the most correct, an arithmetic average was calculated
from the five readings received from the sensor.

3.3 Electricity Local Production of Self-consumption Regime

In this article, only an explanation of the local energy production component in the self-
production regime will be presented. The result of the software - PVsyst V.6.81 simu-
lation shows that the photovoltaic system has an energy production of 5.530 kWh/year,
with a performance index of 83.16%.

The solar fraction of the system is 30.21%, that is, close to 30% of the energy
that powers the greenhouse comes from the photovoltaic system, with the rest being
purchased from the grid.

Through the graph of Fig. 8 it is possible to observe the useful energy produced by
the system over the months, the system losses from the inverter and the losses of the
photovoltaic group.

With this scenario of electricity production, it is possible to reduce the purchase
of energy from the national grid and the surplus energy produced by the panels can
be injected and sold to the national grid. The investment for the photovoltaic system
will be around 7.000 EUR for around 16m2 of photovoltaic panels. Since through this
self-consumption system it is not possible to have a very high energy production by this
technology (30%), the loads of the stoves are loads that are in continuous operation.
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Fig. 8. Useful energy produced by the system in a self-consumption scenario.

4 Conclusion and Future Perspectives

It should be noted that practically all the equipment is in continuous operation in the
greenhouse and in the scenario of energy production by self-consumption the investment
is less than 8.000e and it is possible to reduce the electric energy bill and sell the excess
energy produced to the electricity grid, in accordance with the legislation. The scenario
in an isolated network presents high costs and applied to this case study did not show
great benefits.

The possibility for the greenhouse manager to have functionalities on his/her mobile
phone to access data on key physical variables, allowing a real-time evaluation of the
activity status is a guarantee of better efficiency and sustainability. The chosen equip-
ment has good characteristics of useful life, reliability of operation, being the prototype
installed in a professional level.

In the future, the air-cooling system should be improved, as well as the automation of
opening/closingwindows, and this process should be controlled andmonitored according
to the environmental conditions under study.

Also, as a future development, continuous and remote monitoring of energy con-
sumption should be carried out and complementary sensors could be installed to increase
the parameters collection. The prototype herein developed could be tested in greenhouses
with other types of production technologies, to assess the performance under different
conditions regarding its optimization and eventually large scale production.
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Abstract. In Portugal, the energy certification of existing buildings is mandatory
since 2009 in the sales or lease contract. This obligation, imposed by the first
legislation of the SCE (Energy Certification System) was based on the Energy
Performance of Buildings Directive from 2002. Since then, the SCE legislation
has been undergoing constant changes. The last change concerns Decree-LawNo.
101-D / 2020, with practical application from July 1, 2021.

More than a decade later and considering that the validity period of the energy
certificate for residential buildings is ten years, the objective of this work is to
present a reflection on the evolution of concepts andmethodologies for calculating
energy performance. The procedures for issuing the energy certificate, the content,
and the graphic image, will also be analyzed. For this purpose, a single-family
building, built in the 1990s and certified in November 2010, is used as an example.

Keywords: Energy certification · Residential · Existing buildings · Portugal

1 Energy Certification of Existing Buildings

1.1 Evolution of National Legislation on Energy Certification of Buildings

In Portugal, the first regulation on energy performance of buildings appeared in 1990
(RCCTE, Decree-Law nº 40/90). Although undemanding, it introduced the frequent
practice and the growing interest in introducing thermal insulation in buildings [1].

To address the problems associated with the excessive consumption of fossil energy
in buildings, the European Commission approved the directive on the energy perfor-
mance of buildings, Directive 2002/91/EC (EPBD-2002). With it, came the following
novelties: -Minimum requirements for the energy performance of major renovations;
-Review of legislation at least every five years; -Recourse to renewable energy; - Ade-
quate qualification of technicians for certification and installation of systems; - Energy
Certification of Buildings [2]. Its transposition into national law was carried out by: -
Decree-Law nº 78/2006, SCE (National System for Energy Certification and Indoor Air
Quality in Buildings); -Decree-Law nº 79/2006, RSECE (Regulation of Energy Systems
for Air Conditioning in Buildings); - and Decree-Law nº 80/2006, RCCTE (Regulation
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of the Thermal Behavior Characteristics of Buildings), which revoked the Decree-Law
nº 40/90 [3–5].

In 2010, EPBD-2002 was revoked by Directive 2010/31/EC (EPBD recast-2010).
This new version included a set of new challenges, such as buildings with almost zero
energy consumption from 2020 onwards [6]. Its transposition into national law took
place through Decree-Law nº 118/2013, revoking the aforementioned legislative instru-
ments [7]. This diploma brought together in a single document the Energy Certifica-
tion System for Buildings (SCE), the Energy Performance Regulation for Residential
Buildings (REH), and the Energy Performance Regulation for Commercial and Ser-
vice Buildings (RECS). In 2016 there was a relevant change regarding the values of the
thermal behaviour and efficiency requirements of technical systems. This change consid-
ered the cost-optimal studies carried out in Portugal, in accordance with the directive’s
recommendations.

Intending to further reduce greenhouse gas emissions, and with an even greater
focus on rehabilitation and the use of renewable energies, the European Union approved
directive 2018/844, of 30May2018,which amends theEPBDrecast- 2010.This directive
was transposed into Decree-Law no.101-D/2020 [8, 9].

Figure 1 summarizes the evolution of legislation referred above.

Fig. 1. Evolution of national legislation on Energy Certification of Buildings

1.2 The Energy Certification of Existing Buildings

The Energy Certificate (CE) allows future building users to obtain information on
energy consumption and improvement measures. The CE classifies a residential building
based on its integrated performance, which includes heating, cooling, and preparation
of domestic hot water (DHW). The energy rating scale of buildings until 2013 was com-
posed by 9 classes, A+, A, B, B−, C, D, E, F and G (class A+ corresponding to the best
performance and G to the worst). After 2013 the G class disappeared.

The national energy certification of buildings took place in stages. First (in 2006) it
became mandatory for new buildings, and in January 2009, it was extended to existing
buildings [10]. As opposed to a new building, an existing building is understood to
mean any building whose application date for construction license prior to the entry into
force of the SCE legislation. In these cases, the building owner must be responsible for
obtaining the CE to hand it over to the future owner or tenant, in the act of sale or lease.
He will have to contract a Qualified Expert (PQ) to carry out the CE and providing him
the necessary documentation for a good characterization of constructive and technical
solutions of the building. In addition, the PQ must make a visit to the building.



60 S. Fernandes

Logically, there are no minimum requirements regarding the envelope, technical
systems, and energy needs for existing buildings, as the assessment is made considering
the characteristics of the building at the time of certification, assuming any of the classes
mentioned above. The energy performance assessment of this type of building can be
done using a simplified calculation method since it is not possible to determine all
the solutions accurately [11–13]. However, the PQ should only use the simplification
rules that it deems strictly necessary. These simplifications are related to the following
items: -Dimensions; - Thermal bridges; - Loss reduction coefficient of non-useful spaces;
- Mechanical ventilation; - Solar factor of the glazed span; - Thermal transmission
coefficient; - Inertia class; - Solar energy; - Efficiency of systems; - Shading factors.

PQs must study the opportunities for improving the energy performance of building
and registering them in the CE. These improving measures are very important, as they
aim to guide owners to intervening in the building to increase thermal comfort and energy
savings.

In the last years, Energy Certification was an important issue treated by several inter-
national studies [14–19]. Some of them, demonstrate flaws, such as the superficiality
with which some subjects are treated, like the indoor air quality and health [17], and the
comparison with the real energy consumption [18]. Also, the constant changes in legis-
lation cause different values of energy needs calculation, which causes inconsistencies
in the changes and discredits the system [19]. In any case, relative to EU countries, the
implementation of the Energy Certification System was similar, although the need to
adapt the methodologies to the climate zone.

As already mentioned, in Portugal, since 2009 certification of existing buildings has
been mandatory, but only when selling or renting. As legislation has been continuously
amended, there are similar buildings on the market built in the same year but certified in
different years, subject to different calculation methodologies. Furthermore, the validity
of CE Residential Buildings is ten years. Many buildings needs or will soon needs a new
certificate for sale, lease or interventions included in financing programs. Previous and
current CEs will be compared. It is important to take stock of the situation and reflect
on the main changes.

2 Methodology

This study aims to analyze and reflect on the evolution of national legislation on the
energy certification system applied to existing residential buildings. To this end, a case
study of a typical single-family house certified by the SCE-2006 Methodology is used.

Then Certification is simulated using SCE-2013, SCE-2016 and SCE-2020Method-
ologies. As it is an existing building, some simplifications allowed by legislation were
used. In the end, calculation methodologies and results are compared.

3 Case Study

3.1 Description of Climate Data and Building Solutions

General Description. This case study is based on an existing single-family house built-
in 1990. It consists of a groundfloor, comprising two living rooms, one kitchen, one toilet,
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one pantry, one hallway and one stair, which communicates with the 1st floor comprising
four bedrooms, one toilet and one corridor (all conditioned spaces). The ground floor is
in contact with the land, and the 1st-floor ceiling is with an unconditioned attic. Laterally,
the walls are in contact with another building. The main facade is oriented to the East.
Most significant shading is caused by neighbouring buildings (Fig. 2).

Fig. 2. Location and facade of the building.

Climatic data and Location. The building is in Bragança city, in an urban area, at an
altitude of 699 m, inserted in the Climatic Zone I3-V2.

Climate data have been updated over the years. Table 1 shows the main climatic data
referring to the different methodologies.

Table 1. Climatic parameters.

Climate Data, Bragança, 699 m SCE-2006 SCE-2013/2016/2020

Climate Zone (I, Winter e V, Summer) I3-V2 I3-V2

Degree-days, GD (ºC.dias) 2850 2042

Heating season duration (months) 8 7,3

Cooling season duration (months) 4 4

Average summer outdoor temperature (ºC) 19 21,4

GSul (kWh/m2. Month) - Average solar energy incident on
a south-facing vertical surface

90 125

Table 2 shows the average solar energy incident on a surface accumulated during the
cooling season (June to September).
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Table 2. Intensity of solar radiation for the cooling season.

Solar Radiation Intensity for the Cooling Season, kWh/m2

N NE E SE S SW W NW Horizontal

SCE-2006 200 320 450 470 420 470 450 320 790

SCE-2013/2016/2020 220 345 480 485 425 485 480 345 790

Dimensional and Thermal Characterization. The exact dimensional survey of the
building was conducted, which allowed the following information: Useful area (m2) =
148 m2; Average right foot = 2.6 m; Exterior walls = 108 m2; Interior walls = 66 m2;
Glazed spans = 17 m2 (Fig. 3).

Fig. 3. Building plans.

The unconditioned spaces identified were: - Buffer zone; - Coverage attic; - Adja-
cent building. The methodology for determining the loss reduction coefficient for
unconditioned spaces has been changed since SCE-2006.

For being a building built in 1990 (before the first thermal regulation), the absence
of any thermal insulation in walls and floors was considered. The values of thermal
transmission coefficient considered for the building envelope were: - Exterior walls, 34
cm, = 0.99 (W/m2.°C); - Internal walls, 34 cm, U = 0.91 (W/m2.ºC) and: - Interior
roof, 20cm U = 2.25 (W/m2.ºC).

Itwas impossible to identify if pillars and beamswere isolated, so theywere increased
by 35% of the losses associated with the current envelope.
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All situations of linear thermal bridges were identified andmeasured, and the simpli-
fications provided for in the legislation were adopted. The methodology for this type of
loss has changed from SCE-2006 to SCE-2013, with the latter increasing losses through
these elements.

The material of windows/openings frames are in aluminium, without thermal break,
4mm single colourless glass, with the following values of thermal transmission coeffi-
cient: - U = 3.9 W/m2.ºC, for windows with rotating system and external blinds; - U =
4.1 W/m2.ºC, for windows with sliding system and external blinds; - U = 6 W/m2.ºC,
for windows with a fixed system, without blinds, and - U = 6.2 W/m2.ºC, for windows
with swivel system, without blinds.

The ventilation was natural without any systems. The methodology for calculating
ventilation significantly changedwithSCE–2013/2016/2020 (air changes per hour,RPH
= 0.99 h-1) compared with the SCE-2006Methodology (RPH: 0.73 h-1). A spreadsheet
developed by LNEC (National Civil Engineering Laboratory) was used.

Since it was impossible to know all the construction solutions, the average thermal
inertia was considered using simplifications.

Energy Systems. As there weren´t heating and cooling systems, default systems and
efficiencies were considered (electrical resistance for heating and air conditioning for
cooling). The existing system in the house for DHWwas a natural gas boiler with natural
ventilation and power of 17.4KW. The water pipeline was considered without isolation.
Solar collectors or other renewable energy systems were not considered.

3.2 Analysis and Comparison of Energy Performance Results and Energy
Certificate

The most relevant comparisons between the different methodologies are presented in
this chapter. It should be noted that the SCE-2013 Methodology has changed signifi-
cantly compared to the SCE-2006Methodology.After that, the SCE-2016 andSCE-2020
Methodologies almost didn’t change.

In winter (Heating Station), according to Fig. 4, Total Energy Losses was reduced
after the SCE-2013 Methodology. That is because the number of GD (Degree-days)
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Fig. 4. Losses and gains, heating station.
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(which reduced the losses by transmission and ventilation) and the air changes per hour,
Rph parameter, (which reduced the losses by ventilation) were changed. Regarding
UsefulHeatGains value, from theSCE-2013onwards, there has been increasing. Internal
Heat Gains decreased as the season months went from 8 to 7.3. But, although this value
has decreased, the Solar Gains significantly increased because the radiation incident on
glazing to the south (Gsul) went from 90 kWh/m2.month to 125 kWh/m2.month.

Regarding the summer (Cooling Station), analyzing Fig. 5, the Total Heat Losses
are more significant from the SCE-2013 onwards. Although the Rph parameter has
decreased and the average outdoor summer temperature has gone from 19ºC to 21.4ºC,
the losses caused by the elements in contact with the ground and by the interior envelope
are accounted for are relevant in this example. The Solar Gains by the opaque envelope
also increased significantly due not only to the increase in the values of the Intensity of
solar radiation but essentially due to the accounting of the interior coverage.
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Fig. 5. Losses and gains, cooling station.

In summary, Table 3 shows the values of: - Nominal Useful Energy required for
Heating (Nic) and Nominal Useful Energy required for Heating of Reference (Ni); -
Nominal Useful Energy required for Cooling (Nvc) andNominal Useful Energy required
for Cooling of Reference (Nv).

From the SCE-2013 onwards, a decrease in the value of Nic has been observed. This
is because the solar gains of the Building are much higher than the Reference Building.
The ratio between Nvc and Nv is close to unity from the SCE-2013 onwards.

Concerning the Nominal Useful Energy required for Heating Domestic Hot Water
(Qa/Ap), as we can see in Table 4, since SCE-2013, there has been a decrease in its value
because the required temperature has gone from 60ºC to 50ºC.

Table 5 presents the energy classes referring to the different methodologies. The
energy class is obtained from the ratio between Nominal Primary Energy Needs and its
Reference value (Ntc/Nt). Although the SCE-2013, 2016 and 2020 methodologies are
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Table 3. Energy needs for heating and cooling.

SCE- 2006 SCE-2013 SCE-2016 SCE-2020

Nic (kWh/m2.year) 277,85 200,74 200,74 200,74

Ni (kWh/m2.year) 125,60 101,98 82,12 90,06

Nic/Ni 2,21 1,97 2,44 2,23

Nvc (kWh/m2.year) 4,29 10,24 10,24 10,24

Nc (kWh/m2.year) 18 10,6 10,6 10,6

Nvc/Nv 0,24 0,97 0,97 0,97

Table 4. Energy Need for Heating Domestic Hot Water.

SCE- 2006 SCE-2013 SCE-2016 SCE-2020

Qa/Ap (kWh/m2.ano) 30,98 24,09 24,09 24,09

similar, there are differences in values and reference formulas adjusted over the years
and which cause different energy classes. The difference between the SCE-2006 and
SCE-2013 methodologies is not reflected in the Energy Class. Despite the differences
in various parameters and calculation indices, as detailed above, the overall balance
between thermal losses and gains is reflected in the same class, in this specific building.

The table also shows the value of CO2 emissions. We can observe an increase in
its value from the SCE-2013 onwards, due to the different calculation methodologies of
this parameter.

Table 5. Classes and CO2 emissions.

SCE- 2006 SCE-2013 SCE-2016 SCE-2020

Ntc/Nt 1,9 2,0 2,4 2,2

ENERGY CLASS D D E E

CO2 (t/year) 2,6 12,5 12,5 12,5

Regarding the CE, the SCE-2013 brought some changes in terms of its structure
and information, with the objective of facilitating its interpretation, which resulted in a
clear separation of information intended for the consumer and the professional. For the
consumer, the changes are essentially related to the simplification of information and
the incorporation of performance benchmarks, with a more appealing layout.
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4 Conclusion

The SCE-2006 Methodology has undergone substantial changes compared to the SCE-
2013/2016/2020 Methodologies. In addition to the methodological aspects, there are
relevant differences regarding climate data, demonstrating an increase in temperatures
tabulated from SCE-2013 onwards.

For the climate zone in question (I3-V2), to which Bragança belongs, these dif-
ferences have an impact mainly on the level of heating energy needs (Nic), with the
SCE-2013 obtaining a much lower value. However, this is not the reason why this sta-
tion is no longer a concern in terms of verifying energy requirements, as the reference
value (Ni) also has lower values.

About summer station, fromSCE-2013 onwards, significantly higher values of useful
energy requirements for cooling are recorded. The Nvc/Nv ratio tends to approach unity.

Relating to DHW, the required temperature has gone from 60ºC (SCE-2006) to
50ºC (from SCE-2013), which makes the energy requirements have lower values after
SCE-2013.

The comparison with the reference building (which only came into existence after
the 2013-SCE) is advantageous, as it allows for a better focus on opportunities for
improving the real building. The introduction of reference values in the CE information
is also practical to compare with the values of the real building.

In summary, as of SCE-2013, in total primary energy, the weight of energy needs for
heating and cooling has increased, and the weight of energy for hot water production has
decreased. This change is positive andmore adapted to the natural energy consumption of
buildings in the climatic zone analyzed in this study. Furthermore, the fact that the winter
comfort temperature has been reduced from 20ºC to 18ºC (changing GD value) allows
a better comparison with reality use and a better understanding about the improvement
measures constant in the CEs.

Improvement measures play an essential role to guide owners in interventions. CEs
are important information vehicles for these interventions. In addition, the information
contained in the CE is used so that buyers or tenants can compare homes. Over the last ten
years of mandatory certification of existing buildings, there have been constant changes
in the methodologies applied, which have resulted in different values of energy indices,
including different energy classes, which makes it difficult for owners to perceive the
different certificates and their comparison for buying or renting a house. Although the
CEs contain information regarding the appliedmethodologies, it is essential to clarify the
owners and users about these differences. In addition, the constant changes in legislation
do the work of those involved, especially the PQs, more time consuming due to the
constant need for updating.
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Abstract. Portugal is committed to achieving carbon neutrality by 2050, intend-
ing to comply with the Paris Agreement on climate change and global warming.
Renovating existing buildings is particularly relevant for decarbonization, and the
long-term renovation strategy (LTRS) defines how to achieve this goal.

In Bragança city, more than 50% of the existing buildings are recent, built
after 1981, and only 6% of them consider the first regulation based on the Energy
Performance of Buildings Directive. It can be concluded that there is a consider-
able number of buildings, built without any legislation or based on poor thermal
legislation, which requires adaptations to the new requirements of thermal comfort
and energy performance in the coming years.

Based on a study of the residential energy buildings characterization in the city
of Bragança, this work intends to present a set of intervention proposals to improve
their energy efficiency, meeting the requirements of recent national legislation on
the energy performance of buildings following the LTRS Principles.

Keywords: Energy rehabilitation · Residential buildings · Portugal · Bragança

1 Introduction

Nowadays, there is a consensus in the scientific community that the progressive increase
in greenhouse gas (GHG) emissions over the last 100 years has increased the planet’s
temperature, causing undesirable climate changes. The latest report by the Intergovern-
mental Panel on Climate Change predicts a global temperature rise of 2.7 degrees by
2100 if the current pace of GHG emissions is kept [1]. The Paris Agreement, adopted
in 2015, set the aim of continuing efforts to limit the average increase in global temper-
ature to 1.5 °C, recognizing that this would significantly reduce the risks and impacts
of climate change [2]. For that, it will be necessary to achieve carbon neutrality in the
second half of this century. In line with this, the European Commission (EC) presented,
in November 2016, the Clean Energy Package to promote the energy transition in the
coming decades, and Portugal, as an EC member, assumed the commitment to achieve
carbon neutrality by 2050 through the approval of the Roadmap for Carbon Neutrality
2050. To precisely fulfil the objectives of decarbonization and the energy transition, the
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National Energy Climate Plan was approved (PNEC 2030), with measures for the 2030
horizon [3, 4].

Relative to buildings, PNEC 2030 sets out specific lines of action, including promot-
ing energy renovation in the building stock. Research of EU residential building stock
[5] shows that environmental impact from new buildings is negligible compared to the
impact from existing buildings. The European Ecological Pact also drives renovation of
buildings, with a new strategy called “A Renovation Wave for Europe - greening our
buildings, creating jobs, improving lives” [6]. These lines of action aimed at the construc-
tion sector, namely existing buildings, are essential. In Portugal, as in other countries of
the European Union, buildings are responsible for about 30% of final energy consump-
tion and 5% of GHG emissions [3]. In this sense, the Energy performance of buildings
directive determines the obligation of each Member State to establish a long-term strat-
egy to support the renovation of buildings until 2050 (LTRS) [7]. The objective will be to
convert the existing building stock into decarbonized and highly energy-efficient, trans-
forming existing buildings into Nearly Zero Energy Buildings (NZEB) [7, 8]. Financing
programs and incentive policies are necessary [9] and planned to encourage this energy
transformation, so dynamism is expected in the coming decades. Specifically, the mea-
sures to be taken in existing buildings included in the LTRS are: - intervention in the
building envelope; - replacement existing systems; - and promotion energy from renew-
able sources. It should be noted that priority should be given to the building envelope
[10], with a significant environmental improvement potential, which, for a majority of
buildings, represents at least 20% compared to the base case [5, 11]. The variation in
the thermal insulation thickness implies a great variation in the total primary energy
consumption and better cost-efficient results is obtained from insulating Roofs [12].
In Portugal, most interventions in this field, as they are isolated acts, do not need a
project. In this way, decisions pass to the owners and builders, with little training in
the area, missing unique opportunities to improve the building stock’s energy efficiency
effectively.

In this sense, this study aims to present proposals for energy rehabilitation in the
building envelope, meeting the identified needs. It is focused on residential buildings
of Bragança city. Bragança serves as an excellent example because more than 50%
of the existing buildings are recent, built after 1981. Only 6% of them consider the
first regulation based on the Energy Performance of Buildings Directive [13]. It can be
concluded, like in other European countries [14], that there is a considerable number
of buildings, built without any legislation or based on poor thermal legislation, which
requires adaptations to the new thermal comfort and energy performance requirements
in the coming years.

2 Methodology

The intervention proposals presented in this study intend to follow up another study with
contributions to the energy characterization of residential buildings in Bragança [13].
This characterization was based on statistical data analysis, expert interviews, and the
study of 250 residential buildings, energy certified, belonging to the 1980s, 1990s and
2000s.
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The intervention proposals are accompanied by tables, which summarize the char-
acteristic solutions of the opaque building envelope (walls, floors and roofs) and win-
dows, with the thickness of elements presented in cm. It was intended to fit the require-
ments of the existing buildings to current requirements. The necessary thermal insulation
thickness was calculated using average market values (thermal conductivity coefficient:
0.0300.04W/mK) to verify themaximum (UMax.) and reference (URef.) thermal trans-
mission coefficients required by the current legislation, the Decree-Law 101-D/2020
[15].

The buildings are separated by different construction periods according to the
evolution of the thermal legislation:

– Years of Construction: 1980–1992, buildings built without any thermal legislation
(Before RCCTE).

– Years of Construction: 1993–2008, buildings built by Decree-Law nº 40/90 (RCCTE-
1990) [16]. This regulation is responsible for the beginning of placing thermal
insulation in the building envelope, especially in walls.

– Years of Construction: after 2008, buildings built by Decree-Law nº 80/2006, with
stricter thermal requirements than RCCTE-1990 (RCCTE-2006) [17].

It is important to note that the thermal legislation was reflected in the construction
approximately two years later. Beyond the evolution of legislation, the evolution of
market construction was also considered. For example, only from the 2000s onwards, a
better aluminium frame,with thermal break, characterizes thewindows.At the beginning
of this decade, PVC (polyvinyl Chloride) frame also emerged as a recurring option. The
separation in two types of building – multi-family and single-family – was only made
for the construction period “RCCTE-2006, after 2008” because only in this period the
divergence between the two began to have an impact.

The intervention proposals presented in this study are based on the suggested
improvements of energy certificates and the solutions available on themarket. In addition,
technical, functional, and economic aspects were analyzed.

3 Intervention Proposals

3.1 External Walls

External walls before RCCTE-2006, especially from the 1980s have a huge potential for
intervention through incorporating thermal insulation, as can be seen in Table 1.

Insulation can be applied outside, inside, or into the air space. In rehabilitation,
the ETICS system (External Thermal Insulation Composite Systems) is the most used
system from the outside, having a lower cost than most external systems, is easier to
apply, and has less impact at an aesthetic level. Despite being a solution with a higher
cost, Ventilated Facades can have advantages in adding aesthetic value and not interfering
with the existing coating.

Exterior insulation systems have the advantage of maintaining the building’s thermal
inertia and treating sensitive areas, such as pillars and beams, and linear thermal bridges
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Table 1. External wall solutions

Construction age Before RCCTE RCCTE- 1990 RCCTE- 2006
1980-1992 1993-2008 After 2008

External walls, so-
lutions for con-

struction periods 

Characteristic 
solution

U [W/m².⁰⁰ C]

Brick15+
Air space +

Brick11
U=1

Brick15+
Air space+
XPS3+
Brick11
U=0,57

multi-family
building

single-family 
building

Brick15+
Air space +

XPS4+
Brick11
U=0,5

Brick15+
Air space +

XPS6+
Brick11
U=0,4

U Max. = U Ref. U=0,35 
Thermal bridges, pil-
lars,…isolated? No No Yes Yes

Isolation to achieve 
U Máx/Ref 6cm - 8cm 3cm - 5cm 2cm - 4cm 2cm

through the continuity of the insulation. However, an agreement condominium is nec-
essary in multi-family buildings. When this does not happen, when it is impossible to
change the aesthetics of the building, or when it is technically challenging to carry out the
work, insulation from the inside (placed directly on the wall or forming a structure with
an air gap) is an option. The most common thermal insulations are expanded polystyrene
(EPS), extruded (XPS), cork, glass wool or rock wool. Onemust be selective in choosing
these materials, as some incentive programs for renovating buildings are committed to
environmental sustainability. It will be guaranteed through the choice of eco-materials
or recycled materials.

In double walls without thermal insulation, incorporating loose insulating materials
or injecting insulation foam in the air space can be presented as a solution. However,
although it is an easy and economical solution, it offers fewer guarantees of insulation
continuity (due to the possible existence of reduced air thickness of the debris). Single
constructive elements, such as pillars and beams, are not isolated. In addition, it is a
wrong solution in terms of linear losses and also poses difficulties in terms of quality
control of the work.

3.2 Internal Walls

Internal wall solutions (which separate conditioned spaces from unconditioned spaces)
from the 1980s and, in general, interior wall solutions in contact with garages, laundry
rooms, buffer zones and attics are the ones with the greatest potential for intervention
through the incorporation of thermal insulation.

Table 2 demonstrates the Internal wall solutions by the different construction periods.
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Table 2. Internal wall solutions

Construction 
age

Before RCCTE RCCTE- 1990 RCCTE- 2006
1980-1992 1993-2008 After 2008

Internal wall 
solutions 

Characteristic 
solution

U [W/m².⁰⁰ C]

Adjacent buildings
Brick 11/15+

air space+Brick11
U=0,88

Common zones
Brick 15
U=1,5

Laundry/Stor-
age/Buffer zones/Attics

Brick 11
U=1,9

Adjacent buildings
Brick 11/15+

air space+XPS3+
Brick11
U=0,55

Common zones
Brick 11+XPS3+

Brick11
U=0,65

Laundry/Stor-
age/Buffer zones/Attics

Brick 11
U=1,9

Adjacent buildings
Brick 11/15+

air space+XPS4+
Brick11
U=0,48

Common zones
Brick 11+XPS3+

Brick11
U=0,65

Laundry/Storage/Buffer 
zones/Attics
a) Brick 15

U=1,5 (bztu ≤ 0,7)
b) Brick 7+XPS4+

Brick7
U=0,58 (bztu > 0,7)

U Max.
[W/m².⁰⁰ C]

U=1,9 (bztu ≤ 0,7)
U=0,35 (bztu > 0,7)

U Ref.
[W/m².⁰⁰ C]

U= 0,6 (bztu ≤ 0,7)
U= 0,35 (bztu > 0,7)

Thermal 
bridges, pil-

lars,…,isolated?
No No Yes

Isolation to 
achieve 
U Máx.

Adjacent buildings
-

Common zones
8cm-10cm (bztu > 0,7)

Laundry/Storage/Buffer 
zones/Attics

8cm-10cm (bztu > 0,7)

Adjacent buildings
-

Common zones
4cm-6cm (bztu > 0,7)

Laundry/Stor-
age/Buffer zones/Attics
8cm-10cm (bztu > 0,7)

Adjacent buildings
-

Common zones
4cm-6cm (bztu > 0,7)

Laundry/Storage/Buffer 
zones/Attics

a) -
b) 3cm-5cm (bztu > 0,7)    

Isolation to 
achieve 
U Ref.

XPS/EPS/Minera
l wool/cork (…)

Adjacent buildings
2cm-3cm

Common zones
3cm-4cm (bztu ≤ 0,7)

8cm-10cm (bztu > 0,7)

Laundry/Storage/Buffer 
zones/Attics

4cm-5cm (bztu ≤ 0,7)
8cm-10cm (bztu > 0,7)

Adjacent buildings
-

Common zones
1cm (bztu ≤ 0,7)

4cm-6cm (bztu > 0,7)

Laundry/Stor-
age/Buffer zones/Attics

4cm-5cm (bztu ≤ 0,7)
8cm-10cm (bztu > 0,7)

Adjacent buildings
-

Common zones
1cm (bztu ≤ 0,7)

4cm-6cm (bztu > 0,7)

Laundry/Storage/Buffer 
zones/Attics

a) 3cm-4cm (bztu ≤ 0,7)   
b) 3cm-5cm (bztu > 0,7)

bztu > 0,7- spaces with temperatures close to the outside temperature: Umáx is de same as 
the external walls.

Adjacent Builings: bztu = 0,6 
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In the case of internal walls, it is not necessary to consult the condominium in most
cases. The profitability of incorporating insulation will generally be more significant in
these cases: -in older buildings; -with lighter or damaged coatings; -when the insulation
does not reduce the useful area; - and when the contact of the non-conditioned space
(like a laundry or a storage) with the outside is significant. As a rule, energy performance
is better if the insulation is applied to the outside of the wall. There are prefabricated
insulated solutions that are an excellent solution for interior spaces.

3.3 Floors and Roofs

According to Table 3, there is a significant energy savings potential incorporating ther-
mal insulation in the roofs and floors of buildings before the RCCTE-2006, especially in
single-family buildings where the decision is made by the owner, without intervention

Table 3. Roof and floor solutions

Construc-
tion age

Before 
RCCTE

RCCTE-
1990

RCCTE- 2006

1980-1992 1993-2008 After 2008
Roofs and 
Floors, 
Solutions

multi-family
building

single-family
building

Character-
istic solu-
tion
U
[W/m².⁰⁰ C]

Ceilings below 
attics

Lightened slab 
20cm

U=2,25

External Floors
Lightened slab 

25cm
U=2,0 

Internal Floors
Lightened slab 

25cm
U=1,6

Ceilings below 
attics

Lightened slab 
30cm

U=1,87

External Floors
Lightened slab 

40cm
U=1,4

Internal Floors
Lightened slab 

40cm
U=1,2

Ceilings below 
attics

Lightened slab 
30cm + XPS 6cm

U=0,46

External Floors
Lightened slab 

40cm+ 
XPS/Mineral 

wool 3cm
U=0,68

Internal Floors
Lightened slab 

40cm+ 
XPS/Mineral 

wool 3cm
U=0,64

Ceilings below 
attics

Lightened slab 
30cm + XPS 8cm

U=0,37

External Floors
Lightened slab 

40cm+ 
XPS/Mineral 

wool 4cm
U=0,58

Internal Floors
Lightened slab 

40cm+ 
XPS/Mineral 

wool 4cm
U=0,54

U Max.
[W/m².⁰ C]

U=1,2 (bztu ≤ 0,7)
U= 0,3 (bztu > 0,7)

U Ref.
[W/m².⁰ C]

U= 0,5 (bztu ≤ 0,7)
U= 0,3 (bztu > 0,7)

(continued)
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Table 3. (continued)

Con-
struction 

age

Before 
RCCTE

RCCTE-
1990

RCCTE- 2006

1980-1992 1993-2008 After 2008
multi-family

building
single-fam-

ily building

Isolation 
to achieve 

U Máx.

XPS/EPS/
Mineral 

wool/cork (…)

Ceilings be-
low attics

2cm (bztu ≤ 0,7)
9cm-12cm (bztu 

> 0,7)

External Floors
9cm - 12cm

Internal Floors
1cm (bztu ≤ 0,7)
8cm-11cm (bztu 

> 0,7)

Ceilings be-
low attics

1cm (bztu ≤ 0,7)
9cm-11cm (bztu 

> 0,7)

External Floors
8cm-11cm

Internal Floors
8cm-10cm (bztu 

> 0,7)

Ceilings be-
low attics

3cm-5cm (bztu > 
0,7)

External Floors
5cm-8cm

Internal Floors
5cm-7cm (bztu > 

0,7)

Ceilings be-
low attics

1cm-3cm (bztu > 
0,7)

External Floors
4cm-7cm

Internal Floors
4cm-6cm (bztu 

> 0,7)

Isolation 
to achieve 

U Ref.

XPS/EPS/
Mineral 

wool/cork (…)

Ceilings be-
low attics

5cm-7cm (bztu ≤ 
0,7)

9cm-12cm (bztu 
> 0,7)

External Floors
9cm-12cm

Internal Floors
5cm-6cm (bztu ≤ 

0,7)
8cm-11cm (bztu 

> 0,7)

Ceilings be-
low attics

5cm-6cm (bztu ≤ 
0,7)

9cm-11cm (bztu 
> 0,7)

External Floors
8cm-11cm

Internal Floors
4cm-6cm (bztu ≤ 

0,7)
8cm-10cm (bztu 

> 0,7)

Ceilings be-
low attics

3cm-5cm (bztu > 
0,7)

External Floors
5cm-8cm

Internal Floors
1cm (bztu ≤ 0,7)
5cm-7cm (bztu > 

0,7)

Ceilings be-
low attics

1cm-3cm (bztu > 
0,7)

External Floors
4cm-7cm

Internal Floors
4cm-6cm (bztu > 

0,7)

bztu > 0,7- spaces with temperatures close to the outside temperature: Umáx is de same 
as the external walls

by the condominium. Furthermore, in the latter case, the intervention is more uncom-
plicated, and as the ceiling height is usually higher, it allows more flexibility with the
thickness of the floors.

In most cases, it is by insulating the non-habitable attic from the roof (preferably
placing the insulation on the slab) that more significant energy savings and shorter pay-
back times are achieved, since: - attics have temperatures very close to the outside; -
the area of intervention is important; -and the measure is economical (in most cases it is
enough to place only the insulating, without functional and aesthetic interferences). In
addition, it must be ensured that the roofs have ventilation openings, preferably control-
lable (to open in summer, prevent overheating and close in winter, reducing heat losses).
Choosing light colours and low emissivity coatings help to reduce summer energy needs.
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3.4 Windows

As can be seen from the Table 4, the most significant potential for windows/openings
intervention is mainly found in buildings from the 1980s (before the RCCTE-1990).

Table 4. Window solutions

Construction 
age

Before RCCTE RCCTE- 1990 RCCTE- 2006
1980-1992 1993-2000 2000-2008 After 2008

Windows solu-
tions for con-
struction peri-

ods

Characteristic 
solution

U [W/m².⁰⁰ C]

Aluminum frame 
without thermal 

break, sliding, light 
color,

single glazing 
4mm

Plastic exterior 
blinds

U=4,1
(some windows
without protec-

tions:
U=6,5)

Aluminum 
frame without 
thermal break, 
sliding, light 

color,
double glazing 

5+8+4mm
Plastic exterior 

blinds

U=3,1
(some windows 
without protec-

tions:
U=4,4)

Aluminum 
frame with 

thermal 
break,tilting 

window, light 
color,

double glazing 
5+12+4mm

Plastic exterior 
blinds

U=2,58
(some windows
without protec-

tions:
U=3,5)

PVC or Alumi-
num frame with 

thermal 
break,tilting 

window, light 
color,

double glazing 
6+16+5mm

Plastic exterior 
blinds

U=2,1/2,5
(some windows 
with internal 
protections:
U=2,7/3,3)

U Max. = U Ref.
[W/m².⁰⁰ C] U=2,2

The contribution of windows depends on the frame, glass, and shading devices. In
winter, they can cause significant thermal losses, and in summer, they can be responsible
for internal overheating problems. In extensive renovations, changes dimensions and
location of windows should be studied. Preference should be given to south-facing
windows, sizing the shading devices well. The north andwest windowsmust beminimal.
When the frame is still in a good state of repair and there is space for placing another
frame, the double system will provide good reinforcement of the thermal resistance.
However, it may reduce the light transmissivity, be unsightly, and in summer, it may
contributing to overheating because of the air gap between the windows. If the frame
is in poor condition, the best solution will be its replacement, adopting solutions with
better thermal performance.

As for the opening system, tilt and turn systems, in addition to having lower air
permeability, allow for more effective ventilation control. One of the most important
aspects to consider is the solar factor regarding glass replacement. The current dou-
ble glazing, with an air gap of about 16 mm, is in most cases a good solution due to
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improved insulation and reduced risk of condensation. Although less economical, there
are solutions with argon or low emissivity double glazing. In terms of solar protection
systems, in addition to other functions (light control and privacy), they prevent spaces
from overheating in summer and reinforce the window’s thermal resistance. Preferably,
they should be placed outside the window, with light colors as they reduce the incidence
of solar radiation.

Blind boxes are sensitive to air infiltration and have a low thermal resistance.
The incorporation of thermal insulation in buildings before the RCCTE-2006 provides
improvements in terms of energy performance and thermal comfort. If there is space,
insulation can be incorporated inside the box, resulting in a simple, quick, economic
measure that does not interfere with the aesthetics of the adjacent areas.

3.5 General Considerations

Any intervention must be used to intervene and requalify thermally and energetically.
Therefore, a prior technical-economic assessment of possible solutions is essential. Some
of these are only viable when deep intervention is needed. It should be noted that other
factors, such as thermal comfort or even the aesthetic aspect, must be considered.

Quality assurance in the application and installation of systems must be based on
the proper qualification and responsibility of the installers. Likewise, certified materials
guarantee the quality and durability of the systems.

Sometimes, the real solutions of the building envelope are not those considered in
the energy certificate. Due to lack of information, solutions may have been consid-
ered by default, mainly in buildings corresponding to the period from 1992 to 2004.
For a more specific characterization, non-destructive “in-situ” measurement tools with
Thermographic Cameras and Heat Flow Sensors can be used.

4 Conclusions

The goals for the energy transition, togetherwith the clear trend towards the rehabilitation
of buildings, will undoubtedly be reflected in more demanding legislation and instru-
ments to support energy efficiency, serving as levers to improve the energy performance
of existing buildings.

In Bragança, many buildings were built without any legislation or based on a poor
legislation, requiring interventions and adaptations to the new thermal and energy com-
fort requirements in the coming years. These buildings, before the RCCTE-2006, are
essentially characterized by a reinforced concrete structure, double walls with low ther-
mal insulation thicknesses in the air space and the absence of thermal insulation in most
of the remaining constructive elements. In addition, the buildings before the RCCTE-
1992 are characterized by sliding window frames systems and single glass. This type
of construction provides sensitive and unique areas, causing discomfort and significant
thermal losses. So, there is considerable potential for energy savings if the renovation
of buildings is carried out efficiently. The reinforcement of the thermal resistance of the
various constructive elements deserves special attention, namely on the roofs. It should
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be noted that the building envelope and passive systems should assumemore importance
to the detriment of technical systems.

Interventions in existing buildings are often isolated measures without a thermal
project and without prior control by city councils, technicians, and specialists. However,
these interventions should allow existing buildings to become NZEB buildings in the
future. It is essential to provide more information, especially for owners and builders,
to adopt best practices and prevent these frequent interventions from being a waste of
improvement opportunities in the coming years.
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Abstract. To achieve the transition from a linear economy to a circular bioecon-
omy, a full implementation of the biorefinery concept is needed. The sustainability
of biorefineries requires knowledge of the characteristics of sitespecific biomasses
and residual biomasses. However, the complexity, variability and seasonality of
biomasses pose huge challenges to the conception, assessment and management
of biorefinery installations. In this context the classification of biomasses based on
machine learning approaches and using proximate analysis data may be helpful in
the decision-making process and management of biorefinery units. On the other
hand, automatic identification of the sources of solid biofuel material might be
advantageous in the context where the material has already been processed and
must be used in energy generation or as raw materials of a biorefinery scheme, or
when the elementary contents of thematerials might not be existent or easily avail-
able. In this work, we use a public dataset to build classification models to predict
the solid biofuel type from their fixed carbon, volatile matter, and ash contents.
The dataset aggregates 585 examples of solid biofuels classified as one of four dif-
ferent types: coals, woods, agriculture residues, and manufactured biomass. Since
the dataset presents a strong imbalance towards one of the classes, an algorithm to
promote class balancing with synthetic oversampling is used. Then, six different
models for biofuel classification are built, tested, and validated. The analysis of
the relative contribution to each of the features for the final model is performed.
The results show that it is possible to achieve an overall classification accuracy of
90%.

Keywords: Solid biofuels · Biorefinery · Machine learning · Multi-class
classification · Random forest · Extreme gradient boosting

1 Introduction

To achieve the transition from a linear economy, based mainly on fossil resources,
to a circular bioeconomy, based on renewable resources, a full implementation of the
biorefinery concept is needed. Biorefinery is the sustainable integration of processes
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to transform biomasses into a portfolio of biofuels, bioenergy, and bioproducts, while
minimizing or zeroing residues generation [1]. But the ecological, economic, and tech-
nological sustainability of biorefineries will require the knowledge of the characteristics
of site-specific biomasses and residual biomasses, since ideally generation of energy and
production of goods should be decentralized [2]. However, variation in complexity, geo-
graphic availability and seasonality of biomasses, and respective characteristics poses
huge challenges to the conception and assessment of proposed or and management of
running biorefinery installations.

Indeed, the nature and properties of biomasses are of critical importance in the selec-
tion of the processing technologies, particularly for its use as fuel. Depending on the
nature of biomasses, biofuels and biorefineries may be classified as first generation, if
the use of its biomass raw material competes in any form with food or feed production,
including land occupation. Second generation biofuels and biorefineries use lignocellu-
losic, particularly residual, biomasses as row materials. Third generation biofuels and
biorefineries applies algae as staring materials [1]. In terms of processing technologies
those installations may be classified in thermal, chemical, or biochemical “platforms”.

Option for one or more of these platforms depends undoubtedly on the final main
products to be obtained, but also on the characteristics of raw biomasses. Evidently a
deep knowledge of the startingmaterial, as detailed as possible, particularly, information
on the ultimate or elemental analysismay be helpful in conception and implementation of
conversion scheme.However ultimate analysis requires expensive equipment andmay be
frustrating and inefficient [3].On the other hand, the so-called proximate analysis, i.e., the
characterization of biomasses based on its water, fixed carbon, volatile matter, and ashes
contents requires less expensive equipment and, therefore, is widely used by researchers
in various modelling and prediction studies, also for process designing proposes. For
instance, proximate analysiswas extensively used to predict higher heating value (HHV),
an extremely important parameter for the characterization of fuels, showing that it is a
reasonable alternative to ultimate analysis [3].

In this context the classification of biomasses based on machine learning approaches
and using proximate analysis data may be helpful in the decision-making process on and
management of biorefinery or biofuels producing units. In this work, the methodologies
and results for the identification of biofuels from their fixed carbon, volatile matter, and
ashes contents using machine learning is presented.

2 Methods

In this section the dataset used is presented, along with the methods used to deal with
the unbalanced nature of the data, and the methodology used to train and evaluate the
classification models.

2.1 Data

The public dataset presented in [4] was used to build classification models to predict the
solid biofuel type from their fixed carbon, volatile matter, and ash contents. The dataset
was built from raw fuel composition data presented in a number of scientific publications
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that were categorized as four different types of solid biofuels: coals, woods, agriculture
residues, and manufactured biomass. The raw fuel elements categorized in each class
are presented in Table 1.

Table 1. Categorization of raw fuels. From [4].

Class name Raw fuels

Coals Coals, charcoals, chars

Woods Woods, shell, pruning

Agriculture Residues Seed, husk, leaves, grass, bark, straw,
stalk

Manufactured Biomass Municipal solid waste, RDF, sludge,
briquettes

The dataset comprises a total of 585 samples, with unequal distribution among the
four classes of biofuels, as represented in Fig. 1.

Fig. 1. Distribution of the dataset samples among the four solid biofuel classes.

The features available in the dataset for each sample the contents on fixed carbon,
volatile matter, and ash. The kernel density estimate (kde) plots presented in Fig. 2 show
the distribution of the contents according to the biofuel class.
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Fig. 2. Density plots for a) Fixed Carbon content, b) Volatile Matter content and c) Ash content.
Different colors represent the different biofuel classes.

The kde plots show that both Manufactured Biomasses and Coals present to the
naked eye with a good degree of separability from the other contents at least for one of
the features, while Woods and Agriculture Residues are mostly overlapping.

The goal is to build classification models that allow to identify the biofuel category
of the samples from the three mentioned features. Additionally, there is an appreciable
degree of data unbalance, where the most represented class (Woods) represents 43% of
the samples, whereas the less represented class (Manufactured Biomass) represents only
12% of the samples.

2.2 Data Sampling

The fact that the dataset presents an appreciable degree of class imbalance might con-
stitute a challenge to the classification task. This happens because the machine learning
models will tend to be more biased towards the majority class (or classes), and perform
worse for the minority class (or classes) [5].

There are two main approaches to deal with the issue of data unbalance at the data
level: either under-sampling or over-sampling. Under-sampling techniques, where some
data are eliminated from the majority classes, have the disadvantage of reducing the size
of the dataset. Over-sampling techniques can be used by generating new synthetic data.
This was the approach followed in this work, where the SMOTE – Synthetic minor-
ity over-sampling technique [6] was used. For synthetizing new samples, the SMOTE
algorithm starts by identifying neighbor examples from the minority classes in the fea-
ture space and then synthetizes a new example in the space between those neighbors. It
repeats this procedure as many times as needed to create a balance between the number
of samples in the classes.

In this work, the SMOTE implementation available at the imbalanced-learnmodule
in the scikit-learn library [7] was used, which allows dealing with multiple minority
classes, such as the present case.
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2.3 Classification Models

Six different classification algorithms were chosen to train the classifiers: Logistic
Regression(LR) [8] and Support Vector Machines (SVM) [9] were chosen due to their
simplicity, ease to tune, and difficulty to overfit; Decision Trees (DT) [10] model was
used because it provides more complex models, although at the expense of a tendency
to overfit; Random Forests (RF) [11] and Extreme Gradient Boosting (XGB) [12], two
ensemble techniques, although more difficult to tune, usually provide good performance
models that are less likely to overfit than Decision Trees. To train these models the
implementations available at the Scikit-learn library in Python [13] were used.

2.4 Model Training, Evaluation Metrics

Following the usual procedure, data were divided into a training set (80% of the samples)
and a test set (20% of the samples). Then, for each model, a 5-fold cross validation
procedure was used to avoid overfitting. This means that the training data set was divided
into 5 blocks, and the training of each model was done with 4 of the blocks, with the
remaining one being used for validation purposes. The process was repeated 5 times,
once for each block, thus enabling the maximization of the total number of observations
used for validation. The best average cross-validation estimator score was elected. Then,
the overall performance of each elected model was assessed with the test set.

Accuracy (Eq. 1) is the global metric often used for evaluating classification models,
computed as the number of correct predictions divided by the total number of predic-
tions. It might however become an unreliable metric in the case of unbalanced data. In
such cases, single class metrics are more adequate [14], since they allow for a better
understanding of how the models behave for each class. In this work the f1-score (Eq. 4)
is used, which accounts for the trade-off between precision (Eq. 2) and recall (Eq. 4),
which also represent single class metrics.

Accuracy = TP + TN

TP + TN + FP + FN
(1)

Precision = TP

TP + FP
(2)

Recall = TP

TP + FN
(3)

f 1 − score = 2 ∗ Precision ∗ Recall

Precision + Recall
(4)

For each trained model, f1-score, precision and recall were computed for each class, as
well as the accuracy, and the average-f1score.

In the previous equations, TP stands for True Positive, TN for True Negative, FP for
False Positive, and FN for False Negative. For eachmodel, these values were also plotted
in a confusionmatrix, a table that summarizes the performance of the classificationmodel
for each class.

For each trained model, f1-score, precision, and recall were computed for each class,
as well as the accuracy, and the average f1-score.
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3 Results

The confusion matrices obtained for each of the trained models are presented in Fig. 3.
The dark green values along the main diagonal represent the percentage of True Pos-
itive values for each class. For each row, the values outside the diagonal represent the
percentage of False Negative values for the respective class; for each column, the values
outside the diagonal represent the percentage of False Positive values for the respective
class.

From these matrices, it’s possible to identify that both Coals and Woods are easier
to correctly classify, regardless of the classifier used, than the other two biofuel classes.
Coals is also one of theminority classes. The fact that every classificationmodel presents
high f1-score for this class is an indication that the data sampling technique achieved its
goals. Agricultural Residues are often misclassified as Woods, which was expectable,
given their content superposition, and alsomisclassified asManufactured Biomasses. On
the other hand, Manufactured Biomasses can be misclassified as Agriculture Residues.

Fig. 3. Confusion matrix for the models a) Logistic Regression; b) k-Nearest Neighbors; c)
Support Vector Machines; d) Decision Tree; e) Random Forest; e) Extreme Gradient Boosting.

The values for f1-score obtained with the six classification models for each class are
presented in Table 2.

The f1-score values for the individual classes confirm that, in general, all models
classifyCoals andWoodswith high f1-score (above 0.91), and thatAgricultural Residues
andManufacturedBiomasses seem to be harder to correctly classify,with lower f1-scores
for those classes (below 0.91).

Finally, Table 3 presents the global metrics obtained for each of the trained models:
accuracy, and the average values of f1-score, precision and recall.
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Table 2. f1-score values for the individual classes, for the several trained models.

Biofuel class LR kNN SVM DT RF XGB

AR 0.82 0.80 0.80 0.83 0.84 0.84

Coals 1.00 0.97 1.00 0.90 0.93 0.92

MB 0.87 0.90 0.87 0.87 0.90 0.90

Woods 0.93 0.91 0.92 0.93 0.92 0.92

Table 3. Global metrics obtained with the trained models: average f1-score, average precision,
average recall, and accuracy.

Model f1-score Precision Recall Accuracy

Logistic Regression 0.89 0.89 0.88 0.87

k-Nearest Neighbors 0.90 0.90 0.90 0.89

Support Vector Machines 0.88 0.89 0.88 0.88

Decision Tree 0.84 0.89 0.83 0.86

Random Forest 0.90 0.90 0.90 0.90

Extreme Gradient Boosting 0.90 0.90 0.90 0.90

Among the six trained classifiers, Random Forest and Extreme Gradient Boosting
stand with the highest performance metrics, followed by the kNN model.

4 Discussion

In this work, a public dataset was used to build six classification models to predict
the type of biofuel. The problem is addressed as a four-category classification task,
in which there’s an imbalance towards two of the classes. The SMOTE algorithm is
used to promote class balancing with synthetic oversampling and six machine learning
classificationmodels are trained. The results show that both RandomForest and Extreme
Gradient Boosting have the highest classification accuracy and that the Agriculture
Residues is the biofuel type that is harder to correctly identify.
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Abstract. The present study shows a researchwork on the use of infrared thermo-
graphic technique as a non-destructive tool for the inspection of energy losses in
various installations. Infrared thermography is a method showing thermal images
of areas where local changes of temperature indicate hidden structures of thermal
patterns. The detection of different temperatures of industrial installations can be
found easily by this technique. The influence of humidity on thermal behavior
of materials is also can be analyzed. Ventilating and air conditioning applica-
tions also need thermography applications for its compartment evaluation and the
detection of thermal patterns of different systems. Several experiments have been
carried out using thermography technique for thermal drying process of different
biomass residues. Also experiments of the detection of high temperatures of elec-
trical installations of industrial systems have been realized. The results obtained
indicate that temperature profile is an important parameter for the detection of
anomalies for different processes.

Keywords: Energy losses · Infrared thermography · Temperature

1 Introduction

Infrared thermography is a very useful method showing thermal images of areas where
local changes of temperature indicate hidden structures of thermal patterns of largewalls,
constructionmaterials, biomass residues, etc. The temperatures indicate the state of these
materials, and itwill be easy to predict anomalies, as studied byAl-Kassir et al. [1, 2]. The
environmental interest of biomass is due to the fact that this is the unique energy source
that leads to a favorable CO2 balance since the organic matter is able to retain more CO2
than that released by its combustion. The transformation processes of biomass prior to
be used as energy source may be classified as; physical processes – such as grinding
and drying-, biochemical processes -such as alcoholic fermentation and anaerobic diges-
tion, and thermochemical processes that yield to carbon, liquid hydrocarbons and gases.
In order to increase the energy efficiency, improvement of energy production quality
and reduction of emissions during energy conversion, biomass residues must be dried
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commonly in industry via rotary dryers and screw dryers. In these dryers the biomass
residues are fed from one side of the dryer cylinder and creates a loosely compacted bed
in the screw that lets hot air pass through the bed of biomass residues and dries them.
Drying time can be controlled by controlling the rotation speed of the screw [3].

2 Experimental Research

Several experiments have been carried out using thermography technique for thermal
drying process of different biomass residues. Also experiments of the detection of high
temperatures of electrical installations of industrial systems have been realized. Figure 1
shows the real image and the thermogram of the dryer.

Fig. 1. Images and thermograms of the dryer.
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Other experiments have been done on the detection of anomalies of photovoltaic
solar panels. Figure 2 shows two panels inspected that have an anormal square with high
temperature.

Figure 3 shows the temperature profile of several experiments that have been real-
ized during a study of the optimum indoor conditions of a meat factory in Spain. The
temperature has been measured by using an infrared thermography camera. The results
showed that the temperature inside the refrigerating space was correct.

Figure 4 indicates the normal operation of the electrical installation that have been
inspected in the present study.

Fig. 2. Thermograms of the photovoltaic solar panels.

Fig. 3. Image and thermogram of the meat with temperature profile.

Fig. 4. Image and thermogram of electrical installations.
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The heat loss of an exterior enclosure can be seen in Fig. 5. It indicates the areas of
light color showing heat losses from the wall.

Fig. 5. Image and thermogram of an exterior enclosure.

Figure 6 depicts a thermographic image with the photograph of the false ceiling of
the laboratory of our school of Engineering. A clear area is seen indicating the heat loss
of the insulation of the roof however nothing is seen in the thermography corresponding
to the same image.

Fig. 6. Image and thermogram of a false ceiling.

3 Results

The results obtained from the drying experiments of residues showed a high reduction of
moisture content after the fourth drying process. Figure 7 shows the temperature profile
along the dryer for parallel flow between hot gas andwoodchips at different temperatures
of hot gas.

The other experiment realized on the solar panels shows the utility of the ther-
mography technique for the detection of anomalies in energetic installations. The
results obtained from the experiments realized on measuring meat temperature show
the optimum indoor conditions of conservation of food and meat.
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Fig. 7. Temperature profile along the dryer for parallel flow between hot gas and woodchips at
different temperatures of hot gas.

4 Conclusions

The experimental work of the use of thermography technique has shown the useful appli-
cation of the infrared radiation for the detection of anomalies of thermal and electrical
systems.

The use of thermography in thermal drying process indicates that woodchips and
olive pomace have been dried at different gas temperatures, then the reduction of
humidity was achieved.
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Abstract. Biolubricants might represent an alternative for lubricants obtained
from fossil fuels, presentingmany advantages such as sustainability, environment-
friendly characteristics or higher flash and combustion points (implying safety
during storage or shipping). One way to produce biolubricants is through double
transesterification of vegetable oils with different alcohols, obtaining interest-
ing intermediate products such as fatty acid methyl esters, glycerol, or methanol
(which can be re-used in the process). Thus, this procedure might be suitable
for biorefinery implementation, promoting many of the sustainable development
goals established by the UN. This way, the main quality parameters of a biolubri-
cant (mainly oxidative stability and viscosity) are dependent on two main factors,
that is, the rawmaterial used (for instance, vegetable oils) and the alcohols applied
(methanol or ethanol for the first transesterification and superior alcohols for the
second transesterification). The aim of this work was to assess quality parameters
(oxidative stability and viscosity, among others) in biolubricants obtained from
different raw materials (cardoon, waste cooking oil, rapeseed and safflower oils)
throughdouble transesterificationwith different superior alcohols (pentaerythritol,
2-ethyl-2-hydroxymethyl-1,3-propanediol, 2,2-dimethyl-1,3-propanediol). As a
conclusion, raw material seemed to have a strong influence on oxidative stability,
with higher oleic acid content promoting higher oxidative stabilities (up to 6 h),
whereas the superior alcohol influenced on viscosity (ranging from 20 to 80 cSt),
depending on the complexity of the alcohol used. Consequently, the selection of
the right vegetable oil and alcohol is crucial to produce a biolubricant for a certain
industrial use.

Keywords: Rapeseed · Safflower · Cardoon ·Waste cooking oil ·
Pentaerythritol · 2-ethyl-2-hydroxymethyl-1,3-propanediol ·
2,2-dimethyl-1,3-propanediol
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1 Introduction

Due to the current scenario, implying an increasing concern about sustainability and
environmental aspects, many agencies, organizations, and governments are promoting
sustainable processes, paying attention to green chemistry and circular economy. In fact,
and on account of the current geopolitical situation, where energy and fuel supply are
vital, a renewed search for alternatives in order to reduce the dependence on natural gas
or petroleum-based fuels has emerged [1].

This way, the implementation of biorefineries, where natural raw materials are used
in order to produce bioproducts (and by-products that can be re-used in the process)
could be a suitable way to meet current environmental challenges. For instance, in
this present work, the production of biolubricant from vegetable oils is an example of
biorefinery, with several advantages such as the use of natural (and local) raw materials
and production of biodegradable products (which makes the process environmentally
friendly), promoting sustainable and local economic development [2].

In that sense, some of the characteristics of a biorefinery (based on vegetable oils, in
this case) could be within the framework established by the Sustainable Development
Goals (SDG), supported by theUnitedNations. For instance, SDG related to “Affordable
and clean energy”, “Decent work and economic growth” or “Climate action”, among
others, could fit in a biorefinery context [3].

Regarding biolubricants, they can act as a replacement for lubricants based on petro-
chemical products. As observed in Fig. 1, there has been a considerable increase in
lubricant demand in the last decade, mainly due to the increase in global industrial
activity. As a consequence, the market for biolubricants could be promising [4].

Fig. 1. Biolubricant demand evolution [5].

Paying attention to global production of lubricants (see Fig. 2), some regions (Asia-
Pacific and North America) seem to produce almost 75% of lubricants. In that sense, the
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implementation of biorefineries based on biolubricant production could be an important
opportunity for Europe, in order to improve its productivity in a sustainable way. Thus,
some European regions, like those with a long-established agricultural culture, could
benefit from this scenario,with the subsequent economic growth throughgreen chemistry
and circular economy.

Fig. 2. Biolubricant demand by regions [5].

Apart from the evident environmental advantages (such as biodegradability), the use
of biolubricants present other additional benefits like higher flash and combustion points
(which make them safer during storage or shipment) or higher viscosity index (that is,
lower changes in viscosity with temperature, which is important to assure a specific use
of biolubricants for a certain industry at a specific temperature range) [4].

However, some challenges are related to biolubricants, like their usual low oxidative
stability, which makes them unstable during storage. Specifically, auto-oxidation pro-
cesses can take place in biolubricants, due to the presence of functional groups such as
double bonds, which can generate free radicals (initiation stage).

As a consequence, propagation and termination stages take place in biolubricants,
generating polymerization and free-fatty acids and increasing their viscosity and acid
number during storage. Consequently, the properties of biolubricants might vary, and its
quality can be compromised [4, 6].

The oxidative stability of a certain biolubricant can be influenced by many factors,
such as storage conditions (temperature and contact with air), fatty acid composition
of the raw material (some fatty acids are more stable than others, depending on their
molecular structure), production method (the use of different kinds of alcohol can pro-
duce different complex molecules) or the use of antioxidants (which can increase the
oxidative stability of products like biodiesel or biolubricants) [7, 8].
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Considering the above, the aim of this work was to produce different biolubricants
from several vegetable oils and superior alcohols, in order to compare their oxidative
stabilities and assess the influence of the raw material or the kind of alcohol on this
quality parameter.

2 Materials and Methods

2.1 Raw Materials

The raw materials used in this study were different vegetable oils: cardoon, waste cook-
ing, rapeseed and high-oleic safflower oils. All the samples, except for waste cooking
oil (which was provided by local restaurants and homes in Badajoz), were provided by
the “Agrarian Research Institute Finca la Orden-Valdesequera, from CICYTEX, Cen-
tro de Investigaciones Científicas. Seed oil was extracted through mechanical methods,
filtering all the samples before storage in opaque bottles at room temperature.

2.2 Transesterification Reaction for Biodiesel and Biolubricant Production

Biodiesel and biolubricant production were carried out through double transesterifica-
tion. Thus, the first stage was fatty adic methyl ester (FAME) production in a batch
reactor, by using the corresponding vegetable oil and methanol (6:1 methanol:oil ratio)
and catalyst (MeONa, 0.5% w/w), at 65 ºC during 90 min. Different purification pro-
cesses (glycerol removal, washing treatments and drying) were carried out in order to
obtain the final sample.

For biolubricant production, a similar procedure was carried out, and the reaction
between the biodiesel obtained in the previous stage and the corresponding superior
alcohol (2-ethyl-1-hexanol, 2,2-dimethyl-1,3-propanediol, trimethylolpropane or pen-
taerythritol) at different temperature ranges (between 120 and 160 ºC), with catalyst
addition (MeONa, 0.75% w/w) and vacuum, if necessary, during 120 min, as explained
elsewhere [7–9]. Once the reaction took place, the sample was purified through vacuum
filtration, being stored in opaque bottles at room temperature for further studies.

2.3 Biodiesel and Biolubricant Characterization

For biodiesel and biolubricant characterization, the main parameters included in UNE-
EN 14214 standard were measured [10]. In that sense, viscosity at 40 ºC and oxidative
stability were measured according to previous studies by using a viscosimeter and the
Rancimat method, respectively [7, 11].

To sum up, Fig. 3 shows the main steps followed in this experimental design.
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Fig. 3. Experimental design.

3 Results and Discussion

3.1 Biodiesel Characterization

As it can be seen in Table 1, most properties were similar among the different biodiesel
samples, complying with the standard UNE-EN 14214 [10]. For instance, their safety
during storage (flash point) was higher compared to conventional diesel, and high yields
were obtained, assuring at least 96.5% of fatty acid methyl esters.

However, the oxidative stability of biodiesel was different depending on the raw
material used, not complying with the standard for cardoon, waste cooking and rapeseed
oil. In these cases, some solutions are proposed, such as antioxidant addition [12, 13].
In that sense, the use of tert-butylhydroquinone (TBHQ) was proved as an interesting

Table 1. Biodiesel characterization.

Parameter Cardoon Waste cooking Rapeseed High-oleic
safflower

UNE-EN 14214

Yield, % 96.72 96.88 96.69 97.22 96.50

Viscosity at
40 °C, cSt

4.62 4.52 4.89 4.50 3.505.00

Density at
15 °C, kg·m−3

879 865 850 872 860900

Oxidative
stability, h

2.29 2.55 5.88 8.19 8.00

Flash point, °C 178 182 183 190 120

Acid value, mg
KOH·g−1

0.28 0.39 0.31 0.18 0.50
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additive to improve the oxidative stability in biodiesel. On the other hand, high-oleic
safflower presented values above 8h, complying with the standard without requiring any
antioxidant addition.

This fact could be explained by their fatty acid methyl ester profile, as included
in Fig. 4. This way, methyl oleate content in biodiesel samples increased in this order:
cardoon (55%), waste cooking (56%), rapeseed (65%) and high-oleic safflower biodiesel
(82%). On the contrary, methyl linoleate content decreased in this order: waste cooking
(29%), cardoon (25%), rapeseed (18.2%) and high-oleic safflower biodiesel (9.3%).

As these two fatty acid methyl esters were the majority compounds in these biodiesel
samples, they had a strong influence on oxidative stability. Thus, methyl oleate, which
is mono-unsaturated, is more stable than methyl linoleate, with two unsaturations points
has lower oxidative stability. This is due to the fact that unsaturations are prone to
generate free radicals, promoting the initiation stage during auto-oxidation [14].

Fig. 4. FAME profile of different biodiesel samples.

As a consequence, cardoon and waste cooking biodiesel presented short oxidative
stabilities (below 3 h), whereas rapeseed and, especially, high-oleic safflower (with a
high methyl oleate/linoleate ratio) had longer induction periods (around 6 and exceed-
ing 8 h, respectively). This way, the influence of the original fatty acid composition,
which is completely transformed into the corresponding fatty acid methyl esters, is vital
to understand some quality parameters in biodiesel, as in the case of oxidative stability
[15].
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3.2 Influence of Fatty Acid Composition on Biolubricants

As compared in the preceding section, fatty acid profile of the corresponding rawmaterial
can play an important role in somequality parameters in biodiesel and, according toTable
2, in biolubricants.

Table 2. Oxidative stability (in h) for different biolubricants.

Alcohol used Cardoon Waste
cooking

Rapeseed High-oleic
safflower

2-ethyl-1-hexanol 2.21 2.45 6.02 7.32

2,2-dimethyl-1,3-propanediol 2.36 3.02 5.56 6.82

Trimethylolpropane 2.42 3.69 4.94 6.52

Pentaerythritol 2.06 2.14 2.39 2.92

As inferred from this table, there were clear differences in oxidative stability depend-
ing on the kind of oil. Thus, as it happened in the case of biodiesel, a higher content
in oleic acid (and subsequently methyl oleate for biodiesel or the corresponding oleate
for the biolubricant) seemed to assure longer oxidative stability, as in the case of high-
oleic safflower biolubricant. This could be due to the presence of more stable esters,
mono-unsaturated, compared to the di- or poly-unsaturated esters produced by linoleic
or linolenic acids [15]. Additionally, the different alcohols used could affect the oxida-
tive stability of the final biolubricant. Thus, the presence of a higher number of hydroxyl
groups in the alcohol allowed to synthetize more complex esters, which would be, in
general, less stable (implying shorter oxidative stability values). This could be the rea-
son why, compared to fatty acid methyl esters, all the biolubricants covered in this study
were less stable.

3.3 Influence of the Alcohol Used for Biolubricant Production

The main chemical reactions that took place during the second transesterification of
fatty acid methyl esters (biodiesel) to produce the corresponding alcohol are included in
Fig. 5.

In that sense, fatty acid methyl esters (e) reacted with the corresponding hydroxyl
group in the alcohol, obtaining different molecules with an increasing complexity when
the alcohol presented an increasing number of hydroxyl groups.

Thus, alcohol (a) presented one single hydroxyl group, whereas alcohols (b, c and
d) had 2, 3 and 4 hydroxyl groups, respectively. Taking into account that conversions
in all cases exceeded 90%, it was assumed that all -OH groups reacted with FAMEs,
obtaining complex esters (biolubricants) with increasing complexity: a < b < c < d, in
that order.

Depending on the alcohol used, differences in viscosity values were observed, as it
can be inferred from Table 3. This way, as the complexity of the alcohol increased (from
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Fig. 5. Second transesterification with different alcohols: a) 2-ethyl-1-hexanol; b) 2,2,-dimethyl-
1,3-propanediol; c) trimethylolpropane; d) pentaerythritol. All the reactions were carried out with
fatty acid methyl esters (e).

2-ethyl-1-hexanol to pentaerythritol), the viscosity of the final product was higher. This
could be due to the fact that, as the biolubricant was more complex, it could present
additional molecular branches, which can interact through intermolecular bonds such as
hydrogen bonds and, subsequently, present higher resistance to flow [11].

Table 3. Viscosity at 40 °C (in cSt) for different biolubricants.

Raw
material
(oil)

2-ethyl-1-hexanol 2,2-dimethyl-1,3-propanediol Trimethylolpropane Pentaerythritol

Cardoon 8.31 18.90 70.92 69.20

Waste
cooking

7.52 18.47 71.85 70.18

Rapeseed 8.01 20.01 72.51 76.21

High-oleic
safflower

7.93 19.72 71.92 77.72

Regarding the different raw materials used, there were no clear trends or differences
among the samples, showing similar viscosity values for each kind of alcohol used.

4 Conclusions

The main findings of this research work were the following: a) biorefinery based on
vegetable oil through double transesterification could be a suitable starting point for the
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implementation of a biorefinery. b) Some quality parameters of the final biolubricant,
through this production method, are highly influenced by the vegetable oil and alcohol
used. c) Thus, the fatty acid profile of the vegetable oil had a strong influence on oxida-
tive stability, showing that high levels of oleic acid could contribute to longer induction
periods. d) finally, the alcohol used during the second transesterification mainly influ-
enced the viscosity of the final biolubricant, making the selection of multiple complex
alcohols vital for the diversification of a biorefinery based on vegetable oils.
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Abstract. Currently, LED technology is an established form of lighting in our
cities and homes due to its lighting performance, durability, energy efficiency and
light, together with the economic savings compared to discharge luminaires. How-
ever some problems associated with the large-scale replacement of incandescent
lamps by LED luminaires have begun to be detected, which end up affecting on
the circuit to which the luminaires are connected and on various components such
as wiring and protections. These problems include the heating of conductors and
the breakdown of overcurrent protections.

The purpose of this paper is to study and compare the two key parameters in
the above mentioned problems such as inrush current and harmonic generation in
both street lighting luminaires. This two parameters will be studied and how they
can be used to predict or estimate the wiring cross-section of the circuits or the
number of adequate overcurrent protection mechanisms to be installed for proper
replacement.

Keywords: LED · Discharge · Inrush current · Harmonic generation · Electrical
consequences and urban lighting

1 Introduction

The term “power quality” refers to a series of electromagnetic phenomena existing in
an electrical network that affects its voltage and current parameters: deviation from the
ideal waveform (harmonics), appearance of a transient state (peak current at start-up),
cos ϕ, and symmetry [1].
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Several studies reveal that harmonic generation and peak currents are the main prob-
lems and negative effects related to the power quality associated with electronic sources
(drivers) of LED technology. The inrush values depend a lot on the exact moment in
which the switching occurs, if this coincides with a peak of the waveform very high cur-
rents will be produced, if it coincides with a zero crossing will be the opposite. Given this
situation, the need arises to knowwhat type of technology produces higher inrush current
during switching and this paper aims to answer this question [2]. Harmonic distortion is
another electrical parameter that will be studied in the replacement of luminaires since
LED lighting equipment generates a relatively high level of harmonic distortion in the
current due to the nonlinear nature of LEDs. These phenomena, if not controlled, can
reduce the lifetime of LED lighting and affect the lumen output and/or cause light flicker
that can affect user comfort [3].

LED drivers are the most important component of this type of luminaires to improve
the concept of “power quality”.Most of the driverswere based on switched-mode voltage
converters, evolving towards new circuit typologies that can be used as current sources
for LED applications [1].

2 Instrumentation and Methods

2.1 Instrumentation

A network analyzer (Fluke, Model: 437, Series II) was used to measure the electrical
parameters and harmonics in the supply lines: voltage, inrush current, active power,
reactive power, phase voltage and neutral conductor current harmonics. The Table 1
shows the main technical specifications of network analyzer.

Table 1. Table of specifications network analyzer.

Specification Measurement range Resolution Precision

Peak Voltage 1V–1400 V 0,01 V ± 0,1%

Peak Current 5500 Ap 1A RMS ± 0,5%

Frequency 42,50 Hz69 Hz 0,01 Hz ± 0,01 Hz

Power factor 0–1 0,001 ± 0,1%

THD (Total harmonics Distortion) THD current 0,10% ± 2,5%

THD (Total harmonics Distortion) THD voltage 0,10% ± 2,5%

The current probe used, together with the network analyzer, is the i430 Flexi-TF
probe, whose technical characteristics are detailed in the following Table 2:

2.2 Method

A simple methodology is proposed to detect and classify power signal disturbances
of new LED lighting equipment, compared to LED technologies of different age and
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Table 2. Table of specifications current probe.

Specification Value

Current range 6000A CA RMS

Voltage Output (1000A RMS, 50 Hz) 86,6 mV

Precision ± 1%

Output impedance 82 �

Load impedance 50 M�

Internal resistor 10,5 �

Bandwidth 10 Hz–7 kHz

discharge technologies, which can be important to the power quality of the installation
[4]. The Fig. 1 details the laboratory set-up used to measure the following electrical
parameters.

• Transient: inrush current
• Eventual: supply voltage variations
• Steady state: harmonics, fluctuations and frequency variations.

Fig. 1. Experimental set-up for the measurement of electrical parameters.

In the previous set-up, the luminaires under test will be supplied with single-phase
mains voltage (230 V, 50 Hz), a Fluke network analyzer connected to them will be able
to measure each of the most important electrical parameters, and using the own software
we will save this data to be processed later and draw conclusions about the power quality
of each of the luminaires under study.

A total of seven urban luminaires were analyzed, of which five corresponded to LED
technology and two to discharge technology (Metal Halide and High Pressure Sodium
Vapor).

The process followed in the investigation was as follows:



104 J. de D. Unión-Sánchez et al.

1. The study of electrical phenomena of the street lamps consisted of four days of
analysis of each of the seven luminaires. Each day of analysis was structured in
six measurement intervals for each luminaire. Within each measurement range, we
distinguish between two types of start-ups that can exist in a luminaire:

a) Cold start:This is the name given to the type of start-up that takes place in luminaires
after a long period of non-operation, normally this period of non-operation is usually
several hours. It is considered that the cold start of a luminaire lasts until it reaches
its permanent regime, as far as electrical phenomena are concerned.

b) Warm start: This is the name given to the type of start-up that takes place in lumi-
naires after a short period of non-operation, normally this period of non-operation
usually lasts for a few minutes. A warm start of the luminaire is considered to be the
start-up of the luminaire when a short period of time has elapsed since the previous
start-up.

2. The collected data were used to calculate statistics parameters for both technologies
and then the results were compared. With this results, it was possible to evaluate the
inrush current and harmonic generation in the circuit and finally draw conclusions
from this study.

3 Equipment Under Test

The following Table 3 shows the technical characteristics of the seven urban luminaires
that have been tested in this paper:

Table 3. Table of technical specifications urban luminaires.

Luminaire Technology Power Input Voltage Power factor Lighting source

LEDUS
LGL1AS

LED 60 W AC 90-305 V 0,95 Philips-Lumileds

LEDUS
LRLT1A

LED 80 W AC 90-305 V 0,95 Philips-Lumileds

Philips Mini
Iridium

LED 20 W AC 220-240 V 0,95 Philips-Lumileds

NaviaP Solydi LED 50 W AC 100-300 V 0,95 CREE Xlamp
XT-E

ATP Air 7 LED 200 W AC 100-240 V 0,95 OSRAM LUW
CQAR

High PSodium
Vapor

Discharge 250 W AC 100-240 V 0,97 SON-T E40 1SL

Metal Halide Discharge 100 W AC 100-240 V 0,97 CDO-TT Plus
E40
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4 Results and Discussion

The purpose of this study is to detect possible adverse electrical effects during nominal
operation that may occur during both cold start and warm start and that may affect both
the luminaires and the protection and control elements that make up the public lighting
system (protection and ignition panels, power lines, etc.)

The first comparison to be made will be of the peak current in each type of ignition.
We will compare the average values of the inrush current in each situation (cold start
and warm start).

In addition, to calculate the severity of these inrush currents in each case, we will cal-
culate a peak factor that symbolizes the number of times that the peak current exceeds the
nominal RMS (Root Mean Square) value of the current consumption in each luminaire,
and is defined as follows:

Peakfactor = Inrushcurrent

IRMS
(1)

Comparison of average results show that the peak factor is higher in cold start than
in warm start. It can be observed in the following Table 4:

Table 4. Average inrush current comparison.

Average
inrush
current (A)

Cold start Warm start IRMS cold IRMS warm Peak factor
cold start

Peak factor
warm start

LEDUS
LGL1AS

2,73 3,12 0,23 0,27 12,1 11,5

LEDUS
LRLT1A

3,55 3,07 0,30 0,30 11,8 10,2

Philips
M-Irid

0,30 0,30 0,10 0,10 3 3

NaviaP
Solydi

4,30 3,21 0,20 0,20 21,5 16

ATP Air 7 5,40 6,03 0,80 0,80 6,8 7,5

High P.S
Vapor

6,65 5,54 1,43 1,37 4,6 4,0

Metal
Halide

4,27 5,54 0,50 0,50 8,5 11,1

This comparison is very interesting since discharge lamps have hardly any electronic
components or electronic sources that control the luminaire, so they do not have a large
peak current [5] with respect to their nominal value in the electrical circuit as most LED
luminaires do, as shown in Table 4.
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The second and last comparison to be made will be of the total harmonic current
distortion. The average values of harmonic generation produced by each luminaire and
the difference between cold generation and hot generation will be checked, as shown in
Table 5.

Table 5. Average total harmonic distortion (THD).

Average THD (%) Cold start Warm start

LEDUS LGL1AS 11,13 11,21

LEDUS LRLT1A 8,08 8,17

Philips M-Irid 13,90 14,52

NaviaP Solydi 13,50 13,76

ATP Air 7 6,10 6,22

High P.S Vapor 33 35,01

Metal Halide 10,23 10,19

Table 5 shows that for all luminaires, except for the MH discharge luminaire, the
highest harmonic generation occurs in the warm start instead of the cold start, but with
very small differences between cold THD and warm THD for all luminaires, which
allows us to affirm that harmonic generation is independent of the type of luminaire
ignition.

Finally, another interesting fact to observe in Table 5, theMHdischarge lamp, despite
of using discharge technology, behaves better harmonically than all the luminaires using
LED technology, except for the ATP Air 7, which allows us to affirm that its starting
ballast filters well the current harmonics produced during operation.

5 Conclusions

The disadvantage of switching to energy efficient luminaires such as LEDs is the increase
in current THD [6, 7] and high peak currents at start-up [5].

The cold start for LEDs dangerously multiplies the nominal current. The cause could
be that the driver capacitors are charged or discharged depending on the instant of start-
up. The problem becomes even more obvious and more pronounced if we assume a
real case of an ignition circuit consisting of, for example, 100 LED luminaires. If all
of them are started at the same time, there is a risk that the overcurrent protection will
automatically trip and prevent the system from switching on normally.

Two solutions are proposed for the cold start of LED luminaires, one of them very
cheap as it has little impact in economic terms and the other more expensive as it
involves a technological evolution of the driver: the first and cheapest solution to solve
this problem is to synchronously start the various circuits of the electrical panel in order
not to exceed the maximum current withstand by the circuit breakers, and the second and
most expensive solution is to design a soft-start circuit in the drivers of the luminaires.
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Analyzing the warm start, the most dangerous situation occurs when the luminaires
start up with a maximum peak current, since the current multiplier factor is very high.
This case is very common as it is caused by various factors such as a lightning strike,
power failure, etc. A disconnection occurs and the panels with resettable devices would
reconnect and now the danger is that these peak currents appear, as they could cause a
second disconnection or a chain of disconnections that would prevent a normal ignition,
then the applicable solutions, as we have explained above are the sectored starting of
each of the circuits or install a programmable driver in each of the luminaires to remedy
these problems.

Regarding harmonic distortion, from the results of this study it can be concluded
that the harmonic emission of LED lamps will be higher than that of incandescent lamps
[8, 9, 10], which draw a current close to sinusoidal when fed by a sinusoidal voltage
waveform, In addition, it has also been verified that in each of the luminaires there is
practically the same harmonic distortion in both cold start and warm start, which allows
us to affirm that the harmonic generation is independent of the type of start to which the
luminaire is subjected and dependent on its electronic driver.

The high generation of harmonics is dangerous for the components that make up the
system, as it can cause the conductors to heat up. To solve this problem, a driver capable
of filtering the highest harmonics at the frequencies where they appear is proposed, with
the disadvantage of increasing the price of the luminaire.
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Abstract. Digestate from anaerobic digestion process can be apply as fertilizer in
different crops and horticulture plants due to high amount organic matter content
and nutrients variability. Tests carried out to study the digestate as organic fertilizer
were developed with pepper plants where the plant growth, and fruit, plant, soil
and root composition were evaluated. Three treatments were developed evaluating
mineral fertilization cover (treatment 1) and organic fertilization cover (treatments
2 and 3, two different doses) with digestate for two years. The fresh and dry matter
of fruits (g) were higher for the fertilization of organic cover with digestate than
the treatment with mineral fertilization with urea. When digestate was employed
as fertilizer an increase in C content was observed in soil after harvesting. Also, an
excellent K and N assimilation was presented by plants and fruits analyzed. This
confirms that it is possible to substitute part of the mineral fertilizer with organic
fertilizer (digestate).

Keywords: Digestate · Organic fertilizer · Anaerobic digestion

1 Introduction

Agricultural sector has experimented a growing trend in energy consumption leading to
higher costs and continuous deterioration of the environment. Energy consumption are
referred to primary energies (motor fuels and fuels for field machinery) and to secondary
energies (fertilizers employed). According IDAE [1] nitrogenmineral fertilizers account
for more than half of energy costs. A clearly viable solution to this problem is to replace
part of the mineral fertilizer with organic fertilizer. A sustainable agriculture is reached
when the soil fertilization is improved and sometimes this is achieved adding organic
matter to the soil. In Spain there are large extensions of agricultural land at risk of
desertification, concretely more than two thirds of the total Spanish land [2], so organic
fertilizer plays a very important role in the fight against the climate change and the
desertification in the country and the world.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
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The anaerobic digestion is a process where organic fertilizer (called digestate) is
produced through a process in the absence of oxygen in which organic matter mainly
for waste is degraded by specific microorganisms to generate biogas and digestate.
Digestate is a fertilizer containing odorless stabilized organic matter and NPK nutrients
have changed to mineral forms that are available for plants [3]. There are some studies
about digestate application to plants, some references are shown below: Mórtola et al.
[4] evaluated pots with different doses of digestate and inorganic fertilizer analyzing
chemical and biological properties of soil and the growth of lettuce; Zilio et al. [5]
carried out maize trials in open field for three consecutive crop seasons comparing
synthetic fertilizers versus recovered fertilizers obtained from digestate; Vaish et al.
[6] conducted plot experiments to explore the viability and response of three different
anaerobic digestates (from three different organic waste) in the growth performance of
brinjal; Coelho et al. [7] compared soil‘s primary plant macronutrients and microbial
abundance in two species, perennial ryegrass and white clover when were applied five
diverse anaerobic digestates, undigested cattle slurry, calcium ammonium nitrate and no
fertilizer. All of mentioned studies achieved positive behavior in plants developments
by applying anaerobic digestate with multifaceted environmental benefits.

The present study evaluates the feasibility of applying two different anaerobic diges-
tate doses opposite to mineral fertilizer in pepper pots. Results of this study are based on
a complete characterization of anaerobic digestates from anaerobic digestions process
assays carried out in other research to find a high values of biogas yield. The findings
of this study make it possible to know the chemical composition of soil, plant, fruit and
root applying anaerobic digestate with mineral fertilizer or mineral fertilizer alone.

2 Methodology

2.1 Experimental Design

The tests carried out to study the digestate as organic fertilizer were developed with
pepper plants, in pots of 0.0314 m2 of surface and 4 repetitions per treatment. An equal
fertilizer was applied for all treatments before transplant, with 50% of the necessary
nitrogen for plants, and the total amount of phosphorus and potassium necessary for the
pepper. The fertilizer after transplant was different for each of the 3 treatments: Control
treatment (treatment 1) with nitrogen mineral fertilization applied (urea (46% N)) (50%
of the necessary nitrogen was applied); Low treatment (treatment 2), the 25% of the
nitrogen needs was applied with digestate; High treatment (treatment 3) applying the
50% of the nitrogen needs with digestate. The second nitrogen input was supplied to the
plants in six times every 15 days. Finally, at the end of the harvest plants of each plot
were divided into fruit, plants and roots. Samples of soils were taken for analysis too.

2.2 Analytical Methods

The composition of different parts of plants were carried out according United Nations
Standards that appear specified subsequently. Carbon (C) and Nitrogen (N) content was
determined using a True-Spec CHNLeco 4084 elementary analyzer (USA), according to
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theUNE-EN16,948 standard for biomass analysis [8]. Elements analyzed in the digestate
(Ca, Fe, K,Mg, Na, P andAl) employed as fertilizer were detected by spectroscopy using
an ICP-OES Varian 715 ES (Australia) using the UNE-EN 16,967 standard for biomass
analysis [9]. The samples for this analysis were previously digested in a Millestone Start
D microwave (Italy).

2.3 Data Analysis

A statistical treatment of results from harvest (number of fruits, stem diameter, stem
length, fresh matter and dry matter plants, fresh matter and dry matter fruits) has been
carried out. These results have been subjected to an ANOVA analysis (Analysis of
Variance) of a factor to study the significance (p value of 0.05) in each treatment (control,
low dose and high dose treatments). The statistical program used was Minitab 18.

3 Results

3.1 Digestate and Soil Composition

In the Table 1 are reflected digestates and soils composition employed to fertilize pepper
plants with treatments 2 and 3 in years 1 and 2. Different digestates were employed each
agricultural year as can be observed in the Table 1. For this reason are shown in Figs. 1
and 2 the soil evolution composition after to apply the digestate and mineral fertilizer
for different year studied.

Table 1. Digestate composition of organic fertilizer evaluated in the two years of study.

Elemento Soil 1 Soil 2 Digestate 1 Digestate 2

Ca, ppm 27,447 ± 249 4915 ± 84 968 ± 263 738 ± 25

Fe, ppm 22,669 ± 61 10,072 ± 27 107 ± 23 81 ± 2

K, ppm 13,117 ± 311 3955 ± 66 4951 ± 661 1739 ± 76

Mg, ppm 7367 ± 47 2426 ± 25 317 ± 117 416 ± 3

Na, ppm 3177 ± 60 854 ± 21 1830 ± 424 590 ± 19

P, ppm 3427 ± 109 694 ± 15 610 ± 83 232 ± 24

Al, ppm 32,514 ± 169 12,293 ± 132 n.d 34 ± 1

C, % 8.75 ± 0.44 9.03 ± 1.44 2.20 ± 0.48 0.90 ± 0.04

N, ppm 1630 ± 331 1549 ± 241 1093 ± 472 2022 ± 224

Digestate 1: digestate employed in the year 1 of the study.
Digestate 2: digestate employed in the year 2 of the study.

If Figs. 1 and 2 are observed, it can be seen as C content is increased in the three
treatments developed in the two years after plants were harvested. This behaviour was
observed by other authors [5, 6]. This increase is higher for treatments carried out with
digestate in year 1 and only for treatment 3 (high dose) in year 2 (as a consequence of a
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low initial C content in the digestate employed in year 2). Soil available N was slightly
increased by digestate andmineral fertilizer applications at the end of the harvest. Coelho
et al. [7] compared the fertilizer effects of different types of liquid anaerobic digestates on
the growth of perennial ryegrass andwhite clover, and soil’s primary plantmacronutrients
and the soil available N was increased by biofertilizer applications too. However K and
P nutrients in all soil samples decrease clearly at the end of the harvest in year 1, mainly
in the control treatment but this behaviour is not so clear in year 2. Al and Fe contents in
soil throw higher values for treatment 2 and 3 than treatment 1 in the two years because
digestate contribute to enrich the nutrients variability and availability against the mineral
fertilizer employed in the control treatment (urea) [7–12]. In the study carried out by

Fig. 1. Digestate and soil evolution composition for three treatment evaluated in year 1.
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Fig. 2. Digestate and soil evolution composition for three treatment evaluated in year 2.

Wilken et al. [12] qualify the digestate as an important source of nutrients for plants and
organic matter for humidification.
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3.2 Effect of Digestate Application on Crop Growth

Pepper plants were harvested in 2 years (2020 and 2021). The parameters were evalu-
ated immediately after the plants were collected are shown in the Table 2. A statistical
treatment was carried out to these parameters and two of them showed significant dif-
ferences: fresh matter plants and fresh matter fruit. The difference observed was not the
same in the two years, for year 1 control and low dose treatments were located in differ-
ent groups, however for year 2 the two group were associated to low dose and high dose
treatment. Anyway fresh matter fruit is the most important parameter to evaluate the
harvest production, and the results obtained show higher values for low dose treatment
in two years. Also, a higher stem length can be observed for the control treatment in two
years, probably the mineral fertilizer supply for the plant provide a fast growth but not
increased fruit production [4, 9].

Table 2. Peppers production data in plants evaluated in pots at different doses of mineral fertilizer
and organic fertilizer (digestate). Years 2020 and 2021.

Year 1 Year 2

Control Low dose High dose Control Low dose High dose

Number of
fruits

2.50 3.25 3.00 5.25 3.50 5.25

Stem
diameter, cm

0.93 ± 0.10 0.93 ± 0.05 1.05 ± 0.13 0.98 ± 0.10 0.90 ± 0.05 1.05 ± 0.13

Stem length,
cm

57.00 ± 6.98 48.25 ± 6.60 50.50 ± 1.00 71.25 ± 1.50 68.50 ± 14.25 68.25 ± 7.50

Fresh matter
plants, g

67.33 ± 17.29
a

106.78 ± 31.53
ab

113.40 ± 30.9
b

91.93 ± 9.97
ab

77.04 ± 22.71
a

105.13 ± 25.30
b

Dry matter
plants, %

17.59 ± 1.51 16.56 ± 2.06 16.32 ± 1.00 20.27 ± 0.92 20.83 ± 1.16 20.06 ± 0.30

Fresh matter
fruit, g

124.30 ± 39.06
a

234.70 ± 41.97
b

214.33 ± 83.59
ab

169.85 ± 39.06
a

173.68 ± 41.97
ab

236.13 ± 83.59
b

Dry matter
fruit, %

7.95 ± 2.63 17.68 ± 7.19 15.38 ± 7.48 34.70 ± 2.63 35.21 ± 7.19 40.28 ± 7.48

Different letters in results show statistically significant differences for a confidence level of 95%.

3.3 Plants Composition Evaluation

At the end of the harvest, peppers and roots were separated from plants and each part was
independently analyzed. Results obtained of this analysis were represented in Figs. 3
and 4. As it can be observed in the two Figures, K content for plants and fruits is the most
elevated of all elements measured, and the difference between the three treatments is not
notable. A decline in this element at the end of the harvest in soil samples was detected
in Figs. 1 and 2, it means K nutrient have been absorbed mainly by plants and fruits,
as expected. Other behaviour predictably have been the high value of N nutrient in fruit
firstly and, plants and roots secondly. It is totally consistent with the low N content in the
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Fig. 3. Composition of plants, fruits and roots for three treatments evaluated in year 1.

soil samples shown in Figs. 1 and 2. Ehmann et al. [11] in their research about phosphates
recycled from semi-liquid manure and digestate to apply as fertilizer for ornamentals,
mention that a fast P uptake into plants and thus high plant availability is particularly
important in the horticultural sector due to the short production periods of potted plants.
It has happened in this work with pepper plants where initial concentration of P from
digestate and soil (Table 1) can be represented in Figs. 3 and 4 located mainly in plants
and fruits. The rest of nutrients are located in the roots of the plants. It is not found major



116 P. A. Ana Isabel et al.

Fig. 4. Composition of plants, fruits and roots for three treatments evaluated in year 2.

differences in results obtained in year 1 and 2 for the three parts of the plants in relation
to the elements contents, just to mention that Al and Fe contents from roots in year 2
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were higher than year 1. This must be because of the initial composition of soil and
digestate employed were differents. Similar behaviour can be observed in Figs. 3 and 4
for three treatments evaluated in years 1 and 2. Zilio et al. [5] determined the elements
content in maize grain produced from trials in open field comparing synthetic fertilizers
versus recovered fertilizers obtained from digestate and they didn’t find significative
differences between the two kind of fertilizers.

4 Conclusions

The anaerobic digestates potential as fertilizers are evaluated in this work to implement
this fertilizer strategy in horticulture sector in Spain due to the increase of the nitrogen
mineral fertilizers. Moreover, applying this fertilizer strategy a sustainable agriculture
is reaching to fight the effects of climate change. Digestate as fertilizer is an important
option to replace a part of mineral fertilizer in pepper plants due to the fruit production
was increased when the digestate was employed as much fertilizing after plant transplant
(freshmatter fruit of 234.70± 41.97 g and 236.13± 83.59 g for low dose treatment (year
1) and high dose treatment (year 2), respectively, versus 124.30± 39.06 g and 169.85±
39.06 g for control dose treatment (years 1 and 2)). In addition, the C content increase
in soil samples after harvesting was sharpest in two treatments using digestate in year 1
and in the high dose treatment in year 2. Plants and fruits composition showed elevated
values of K and N nutrients at the end of the harvest and a decline in this nutrients was
observed in soil samples at the same time. It means K and N nutrients were absorbed
mainly by plants and fruits, as expected.
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Abstract. Biomass was the main source of energy for humanity until the arrival
of the industrial revolution in which it was relegated to the background with the
emergence of fossil fuels.

The use of residual biomass, which comes from urban solid waste (MSW)
produced by humans during the development of their daily and economic activities
for energy generation, is already an obligation in environments aware of energy
efficiency and sustainability. The gasification of biomass is a thermochemical
process for the generation of energy from it. This generation method gains a
certain advantage over the rest of the alternatives thanks to the product obtained
from it. Biogas, highly energetic, breaks with a usual problem that humanity has
been facing for decades, since, both in gaseous and liquid form, the gas is storable
and storage losses are minimal compared to other types of energy sources.

This manuscript presents a study for the recovery of residual inert by-products
derived from the biomass gasification process and their use in the production of
mortars to replace quarry aggregates commonly used in the production of concrete
and mortar. Giving a second life to a fraction of the existing residual materials,
maintaining the line of sustainability and efficiency in terms of waste management
and recycling.

Keywords: Gasification ·Mortars · Biomass · Sustainability · Energy
efficiency · Solid urban waste

1 Introduction

This manuscript presents a comparison of mechanical uniaxial compressive strength
behavior, of modified mortars versus standard mortars used usually in building. The
specimens have been made in situ, therefore, in order to do a correct comparison and
interpretation of the obtained results in the experimental mechanical tests one kind of
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standard mortar made of Portland concrete, elaborated in the same boundary condi-
tions, have been taken by reference. All specimens used to elaborate this paper, mod-
ified mortars and common building mortar have been manufactured using the same
methodology.

According with the UNE-EN 1015-11:2020 standard Specimens have been manu-
factured having prismatic shape respecting standard measures, which are 160 × 40 ×
40 mm. The experimental requirements to elaborate this investigation are, in case of
mechanical uniaxial compression test, to break tested specimens in two parts, getting
six specimens with half size of standard ones. This process has done previously using
the mechanical flexural strength test machine as is defined in the UNE standard.

In case of not to use hardening retarders, the European standard establish mortars
specimens are tested 28 days after their manufacture immediately after put they off
their conservation environment and after the necessary superficial treatments required
to eliminate parts of the material that isn’t correctly adhered.

In addition to 28 days experimental mechanical tests, mentioned above, this docu-
ment include experimental mechanical tests of first 7 days of the mortars to evaluate the
progression of their flexural and uniaxial compression strength during their hardening
time.

Obtained results ofmentionedmechanical tests are presented according currentUNE.

2 Materials and Methods

In order to the correct experimental mechanical tests development 18 specimens, 6 made
of standard Portland concrete and 12 modified specimens, have been manufactured. The
modifications included in mortars 2 and 3 is a partial substitution of Portland clinker
based in fly ashes recovered through a gasification process. Gasification is a thermal
transformation process for which high valued energetic gas is obtained, called synthesis
gas or syngas through raw material which is composed by biomass and WEEE (Waste
Electrical and Electronic Equipment recycling) in this case. For the use of ashes to
design modified mortars, a treatment of cleaning of inorganic elements and soluble
mineral contained in ashes have done. Treatment consist in one first wash of the ashes
in water and after another one in acetone [1]. Produced ashes in the gasification process
are waste formed by a mixture of biomass and plastic waste which due to oxygen excess
during the process do not react. Ashes are composed of tars, soluble mineral, inert, and
other organic compounds. In chemical terms, the composition of ashes is SiO2 and CaO
mostly, and Mg, Al, K y P in minor [2].

To prepare necessary specimens the first step is to separate fine granulometry of
the rest waste. This fine granulometry part of material is used to develop experimental
tests refered in this manuscript. To start the separation of fine granulometry, compound
of coal which is generated as result of gasification process was sieved. After, wash in
water is done, to do this, gasification waste are put in glass receptacles and the mixture
suffer an ultrasonic bath, this process delay 2 h, and later, mixture is resting for next
24 h. When this time have passed in order to eliminate water rest in the composition,
mixture is filtered using Glass microfibre Discs 125 mm. The process of wash in water
finish by putting the mixture in an oven during 12 h at 100 C, removing moisture of
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the compound. Analogously, mixture is washed in acetone bath applying same steps to
water bath. Finally, using Octagon digital CE equipment starting material was classified
acordding to particle size trought sieves of 2000µm, 850µm, 425µm, 180µm, 106µm,
75 µm and <75 µm respectively.

At time that fine granulometry ashes have been separated of the rest of gasification
waste, XRF analysis is realized verifying ashes chemical composition after the whole
treatment [3]. Acetone bath presents advantages at this moment beacuse hydrocarbon,
that are present in the surface of particles, is removed preventing possible corrosion,
caused by these hydrocarbons, in modified mortar specimens.

Previous heat treatments of biomass to prepare charcoal and wash operations previ-
ously above mentioned involve chemical changes in raw material. Table 1 below shows
concerning values to ashes chemical composition before and after water and acetone
baths.

Table 1. Chemical composition of the ashes obtained after the treatments described.

Composition Bruto Type2 Type2water Type2Acetone Type1 Type1Water Type1Acetone

Zn 0.00 0.36 0.63 0.59 0.42 0.39 0.38

Cu 0.13 0.35 0.32 0.23 0.13 0.14 0.14

Ni 0.00 0.18 0.19 0.34 0.00 0.06 0.05

Fe 0.00 7.13 10.40 17.82 5.22 7.63 11.18

Mn 0.00 0.28 0.34 0.32 0.06 0.16 0.11

Cr 0.00 0.71 0.65 1.29 0.03 0.16 0.14

V 0.28 0.07 0.05 0.05 0.03 0.05 0.04

Ti 72.75 8.16 0.87 0.88 0.41 0.68 0.69

Sc 0.00 0.14 0.06 0.08 0.07 0.10 0.09

Ca 12.47 67.89 70.92 64.35 36.34 53.48 51.38

K 2.16 6.61 4.64 4.61 36.62 20.84 19.72

S 0.00 1.13 1.72 1.36 3.24 2.15 1.71

P 0.00 0.29 0.57 0.37 1.22 2.47 2.44

Si 0.00 4.07 6.22 5.72 8.07 8.36 8.91

Cl 11.63 2.40 2.07 1.72 7.86 3.09 2.77

After treatments suffered by ashes it shows that Ti, Ca, K and Cl quantities have
been reduced. High content in chlorine and potassium can cause troubles like deposit
formation, corrosion of mortars or even prevent the incorporation and use of ashes in the
specimens [4]. After water and acetone baths processes, chlorine quantity was reduced
in 82, 20% and 84, 80% respectively for type 2 ashes and in case of type 1 ashes level
of chlorine content was reduced in 73, 43% and 76, 18%.

Fly ash, slag, metakaolin, blast furnace slag or ashes produced by rice waste are high
aluminosilicated materials, acting effectively as binder in mortars and concrete manu-
facture [5]. Binder materials are very relevant and definitively important in mechanical
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properties that final products, in this case mortars, presents after the hardening process
[6].

The 90% of presented composition is based in SiO2, Al2O3, CaO and Fe2O3, and
the presence of other oxides is relatively low. These oxides have the greatest influence on
the compressive strength of concrete [5, 7]. Table 2 below shows chemical composition
attending to oxides of resultant ashes.

Table 2. Chemical composition attending to oxides of resultant ashes.

Type2 Type2water Type2Acetone Type1 Type1Water Type1Acetone

Chemical
composition of
ashes

CaO 94.983 99.214 90.021 50.838 74.82 71.874

Al2O3 - - - - - -

MgO - - - - - -

SiO2 8.698 13.309 12.228 17.259 17.883 19.056

Na2O - - - - - -

SO3 2.81 4.294 3.384 8.082 5.374 4.274

P2O5 1.34 2.612 1.699 0 11.326 11.199

K2O 7.964 5.594 5.554 44.127 25.11 23.761

TiO2 13.605 1.449 1.461 0.677 1.136 1.148

MnO 0.21 0.25 0.239 0.905 0.119 0.082

Fe2O3 10.197 14.873 25.488 7.458 10.906 15.983

Mortar Specimens are manufactured in situ following UNE-EN- 1015-11:2020 stan-
dard. To elaborate experimental path designed in this paper 3 types of mortar are manu-
factured. One first group of Specimens formed by standard building mortar, hereinafter
M1, composed by Portland concrete. And a Second group of modified mortar specimens
based in Portland concrete too, hereinafter called M2 and M3. Modifications applied in
mortars M2 and M3 are a partial substitution of Portland concrete clinker, who act as
binder, by the above mentioned ashes. These ashes, who passed by different chemical
and physical treatments above explained re-place, in mass, 10% of total mass of mortar
binder (see Table 3).

Table 3. Composition of manufactured mortars.

Mortar Type Composition

Sand [kg] Concrete [kg] Ashes [kg] Water [kg]

Portland M1 4.5 1.5 0 0.9

modified M2 4.5 1.35 0.15 (Type I) 0.9

modified M3 4.5 1.35 0.15 (Type II) 0.9
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Fig. 1. Curves for specimens related to uniaxial compression force vs time in case of M1 (A),
M2 (B), and M3(C) in the time of 7 days.
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Fig. 2. Curves for specimens related to uniaxial compression force vs time in case of M1 (A),
M2 (B), and M3(C) in the time of 28 days.
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Following compositions described in Table 3, 18 specimens are required. Manufac-
tured, in situ, the prismatic specimens of 160 × 40x40 millimeters sized are grouped in
3 groups, 6 relatives to M1 mortar, 6 to M2 and 6 to M3.

3 Results

After performing the experimental mechanical test, Fig. 1a, b, c and Fig. 2a, b, c show
the experimental results obtained from the uniaxial compression forces along of 7 and
28 days. These results cover the whole test, since the beginning of this one to themoment
of breakage, showing themaximum load that every specimen is able to resist. From these
experimental tests, uniaxial compression stresses can be determinate, according to the
methodology described in the UNE-EN-101-11:2020 standard. (See Eq. 1).

Rc = Fc

1, 600
; (1)

where F (N ) is the load of flexural forces on the test specimens, Fc(N ) represents the
compressive load and 1,600 is a constant obtained by calculating the cross-sectional area
of the tested specimens (mm2) (Tables 4 and 5).

Table 4. Obtained results for uniaxial compression test for M1, M2 and M3 specimens in the
time of 7 days.

Type Specimen Maximum
Load [N]

Rc [N/mm2] UNE-EN-196–1:2018
Standard variation (%)

Arithmetic
Mean
[N/mm2]

M1 Ia 59,100 36.95 2.94 38.1

Ib 62,300 38.95 2.31

IIa 60,700 37.95 0.31

IIb 62,300 38.95 2.31

IIIa 60,100 37.55 1.36

IIIb 60,900 38.05 0.05

M2 Ia 41,600 26.00 6.38 24.4

Ib 37,100 23.20 5.07

IIa 37,100 23.20 5.07

IIb 36,900 23.05 5.68

IIIa 40,600 25.40 3.92

IIIb 41,300 25.80 5.56

M3 Ia 47,200 29.50 1.00 30.5

(continued)
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Table 4. (continued)

Type Specimen Maximum
Load [N]

Rc [N/mm2] UNE-EN-196–1:2018
Standard variation (%)

Arithmetic
Mean
[N/mm2]

Ib 49,800 31.15 4.53

IIa 49,500 30.95 3.86

IIb 41,800 26.15 12.24

IIIa 47,800 29.90 0.33

IIIb 49,800 31.15 4.53

Table 5. Obtained results for uniaxial compression test for M1, M2 and M3 specimens in the
time of 28 days.

Type Specimen Maximum
Load [N]

Rc [N/mm2] UNE-EN-196–1:2018
Standard variation (%)

Arithmetic
Mean
[N/mm2]

M1 Ia 94,400 59.00 0.60 58.0

Ib 94,600 59.15 0.37

IIa 93,200 58.25 1.88

IIb 90,500 56.55 4.74

IIIa 91,200 57.00 3.99

IIIb 106,000 66.25 11.58

M2 Ia 65,300 40.80 0.94 40.4

Ib 68,600 42.90 6.13

IIa 64,100 40.05 0.91

IIb 66,100 41.30 2.17

IIIa 61,800 38.65 4.37

IIIb 62,100 38.80 4.00

M3 Ia 82,400 51.50 5.46 48.8

Ib 77,100 48.20 1.29

IIa 76,500 47.80 2.11

IIb 75,300 47.05 3.64

IIIa 83,400 52.15 6.78

IIIb 74,100 46.30 5.18
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As shown in Fig. 1a, b, c and Fig. 2a, b, c materials behaviors during compression
mechanical tests are not identical. These differences are explained by the modification
done in mortars compositions (See Table 3).

Figure 3 shows the progression of mechanical characteristics of the mortars during
the cycle along 7 and 28 days.

5 10 15 20 25 30
Time [Days]

20

25

30

35

40

45

50

55

60

65

U
ni
ax

ia
lC

om
pr
es

io
n
S
tre

ss
[N
/m

m
2 ] B

M1
M2
M3

Fig. 3. Curve of axial compression strength gain of mortars along 7 and 28 days.

4 Discussions

As showing inFig. 3 presents almost parallel curves amongM1,M2andM3, itmeans that
progression of compression strength of mortars is similar in each case regardless of the
maximum values of each. Table 6 expose that during first 7 days, uniaxial compression
strength M2 result is 35. 96% lower than M1 maximum value in 7 days and M3 presents
losses of 19. 95%, this result is 16% bigger than M2 value in this case.

Table 6. Compression strength gains by mortars first 7 days.

Type Compression strength

7 days [N/mm2]
Compression strength

28 days [N/mm2]
Compression strength
acquired first 7 days (%)

M1 38.1 58.0 65.69

M2 24.4 40.4 60.39

M3 30.5 48.8 62.5

In Table 7 is presented the comparison between the results obtained in the experi-
mental mechanical tests for M2 and M3 related M1 values. In numerical way, for the



128 D. Diaz-Perete et al.

substitution of 10% of concrete clinker, mortarM3 presents loss of 15. 86% ofmaximum
compression strength in comparison with M1. On the other hand, modified mortar M2
presents loss of 30. 34% in comparison with mortar M1, it means the losses are almost
the double than M3, for the maximum compression strength.

Table 7. Maximumuniaxial compression strength ofmodifiedmortarsM2 andM3 in comparison
with M1.

Type Uniaxial
compression
strength first 7 days

[N/mm2]

Uniaxial
compression
strength comparison
first 7 days (%)

Uniaxial
compression
strength for 28 days

[N/mm2]

Uniaxial
compression
strength comparison
for 28 days (%)

M1 38.1 100.00 58.0 100.00

M2 24.4 64.04 40.4 69.65

M3 30.5 80.05 48.8 84.14

5 Conclusions

As shown in the last section, discussions, the partial substitution of Portland cement
clinker for recycled materials carry a diminution in the mechanical properties of new
obtained mortars. In this work we have comparatively studied the mechanical uniaxial
compression strength behavior, of mortars modified with ash residues from the gasifica-
tion of biomass materials with plastic wasteWEEE Electrical and Electronic Equipment
Waste), versus standard mortars generally used in construction.

Taking strength values of M1 as reference is shown that mortar M3 presents an
intermedium behavior showing 15. 63% strength losses rate, in case of M2 these losses
reach 30. 34% in comparison with M1. However, behavior curves (See Fig. 1a, b, c
and 2a, b, c) related with mechanical uniaxial compression strength of studied mortars,
which are done under the same boundary conditions to every specimen, shown M2
specimens present higher endurance in time terms in comparison with M3 specimens
and this fact is even more evident in comparison with M1 specimens. It means M2 and
M3 compounds, especially M2, present less fragile behavior that standard mortars. This
characteristics open new favorable possibilities for some specific situations considering
that fragile breakage or collapse breakage is one of the more relevant and dangerous in
civil engineering.

Finally, the mechanical test results of the modified mortars must be considered in a
circular economy context. It present a solution for the use and recovery ofwastematerials
from the gasification of plastic materials. Next steps in the research is a comparison
treating other variables or different behaviors of modified mortars versus other external
agents for example, thermic insulation, acoustic insulation and permeability, where this
kind of modifications in mortars could replace in some cases to conventional building
mortars.
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Abstract. The paper examines the effect of seasonal weather variability and
extremes on the mean and variance of rice yield in south India for 1990–2017.
The Just and Pope stochastic production function is adopted to assess the exten-
sive district-level data with linear and non-linear specifications. Estimation results
based on feasible generalized least square method indicate that average yield and
yield variability are climate-sensitive and seasonal weather variation and shock
significantly influence rice production. Mean yield is observed to be primarily
affected by changes in evapotranspiration and minimum temperature across sea-
sons. Further, the minimum temperature parameter above normal is marked as a
risk-increasing weather input for rice during the winter season. Countering adver-
sities of climate change through coping strategies, region-specific policies, federal
programmes and support are therefore recommended, thus pivotal for state-wide
rice production and food security by extension.

Keywords: Climate impact · Rice production · Stochastic production function ·
South India

1 Introduction

There is widespread concern about climate variability on crop production around the
world, including crops that are well adjusted to their surroundings as environmental
effects on crop yield stand significant [1]. Crop yield and food security are two core
issues, as innate climate change and rising demand are anticipated to impair the global
economy [2]. To serve the burgeoning population, food demand is projected to grow by
60% by 2050 [3]. In 2017, approximately 10% of the world’s population was threatened
by food insecurity through many socio-environmental conflicts [4]. About 350 million
people in India were foundmalnourished, with nearly 47 million children suffering from
chronic malnutrition [5, 6]. Consequently, the National Food Security Act was passed by
the Indian government with an aim of distributing subsidized foodgrain to roughly two-
thirds of the inhabitants. This required 33.6 million metric tonnes of rice annually for
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the national food distribution system [7]. Rice, one of India’s dominant crops, is planted
on about 43% of the farmland, with rainfed rice accounting for 52% of the overall
planting area [8, 9]. Apparently, this rainfed cereal grain is often considered climate-
vulnerable in southeastAsia because of limitedwater and land resources. Further, climate
forecasts for India up until 2100 show a 2–4° climb in temperature and rise in rainfall
intensity, particularly during the monsoon period [10]. Several studies have concluded
that variations in seasonal precipitation and surface warming are predicted to induce
dry spells and lower food availability in emerging economies, eliciting a significant risk
to sustainable development. However, the climate effect on Indian agribusiness is more
predominant, not only since a large chunk of the population is reliant on farming but
also because there are extant pressures on resources and inadequate coping skills [11].

Numerous researchers have assessed the effect of meteorological factors on the pro-
duction of rice in India. Generally, the studies have evaluated the impact using either
agro-economic or econometric models. Using the fixed-effect model, Birthal et al. [12]
reported that rice harvest is highly susceptible to a rise inmean temperature, whereas Pat-
tanayak and Kumar [13] documented that day and nighttime temperatures both exhibit
detrimental impacts on rice output during various growing seasons. Based on panel-
correlation standard error estimation, Gupta et al. [14] confirmed that paddy yield is sus-
ceptible to weather factors, while Krishnamurthy [15] showed that rice output declined
up to 3% due to climate stress. Given resource availability, the effect of seasonal climate
varies across regions, as does crop productivity. The southern part of India identified as
a climatic hotspot is projected to witness a climb in summer and winter temperature, an
upsurge in rainfall events and a rise in the number of rainy days over 2.5 mm per day.
The adverse climate in southern India, comprising states such as Tamil Nadu, Andhra
Pradesh, Kerala, Karnataka and Telangana, is expected to affect the primary sectors
most, multiplying the socio-economic inequities [16].

Given regional disparities and alarming changes in climate parameters, many
researchers have also conducted state-specific studies. According toGeethalakshmi et al.
[17], rice yield is expected to fall by 41% in the Kaveri river basin, also known as Tamil
Nadu’s rice bowl, with temperatures reaching 4 °C. Based on panel-corrected standard
error estimation, Saravanakumar [18] reported that climate factors and rice yield exhib-
ited a quadratic relationship in Tamil Nadu from 1971 to 2009. Further, with climate
change, the enormity of the decrease in rice production across various districts of Tamil
Nadu from 2050–2080 is expected to be greater than the decreases from 2000–2020
and 2020–2050 [19]. Samiappan et al. [20] investigated the effect of winter monsoon on
the production of rabi rice in Tamil Nadu and foreseen that with an incline in monsoon
rain and heat, the crop output is predicted to rise by 10–12% in 2050 and 5–33% in
2081–2100 climate scenarios. In the erstwhile Andhra Pradesh state, Padakandla [21]
assessed climate effect on the principal crops and indicated that the yield of rice along-
side groundnut and tobacco crops is more affected because of climate fluctuations than
is sorghum and cotton yield. Using quantile regression from 1971–2004, Barnwal and
Kotani [22] reported that kharif rice is more susceptible to variations in temperature and
rainfall in Andhra Pradesh, whereas the rabi rice is more resilient.



132 S. Mohapatra et al.

Based on field experiments, Varghese et al. [23] examined the predicted value of rice
yield under future climate scenarios with constant carbon dioxide levels and variedmete-
orological factors in Kerala. They discovered that yield declines for planting dates and
further decreases with a rising temperature affecting the crop duration. Using advanced
simulation frameworks, Saseendran et al. [24] predicted temperature and rainfall during
the monsoon season in Kerala are likely to rise by 1.5 °C and 2 mm per day, respectively,
shortening the rice maturity period by 8%. Kumar et al. [25] found a non-significant
increase in rainfall in coastal Karnataka from 1980–2013; correlation analysis revealed
a frail relationship between rice harvest and rainfall, with rain accounting for around 23%
of fluctuations in rice production. Using taluk-level data from Karnataka, Murari et al.
[26] discovered an inverse linear association between rice yield and extreme degree days,
indicating that extreme temperature results in a larger effect than rainfall and growing
degree days. Using feasible generalized least squares estimation, Guntukula and Goyari
[27] found that maximum temperature has a considerable negative impact on rice pro-
ductivity, whereas minimum temperature is seen as a risk-increasing element for rice
output in Telangana between 1956–2015. Given the climate sensitivity of the primary
sector, frequent droughts and crop failures, Telangana state saw an upsurge in farmer
suicide [28, 29]. Soora et al. [30] indicated weather variation is likely to favour rice
production by 10–15% in Karnataka, Tamil Nadu and Andhra Pradesh, whilst Debnath
et al. [31] predicted a major yield gap of above 1.5 tonnes per hectare in rice-growing
southern states under future climate scenarios.

Past research on the climate effect on the production of rice in India has primarily
focused on state-wise implications. Limited research has been conducted into a macro-
level regional analysis considering south India as a tropical dry and wet climate zone.
Implementing extensive district-level weather and non-weather data will improve accu-
racy in estimating the climate effect on regional rice yield. Several researches have
exploited annual panel data and conventionally glanced at the effect of temperature and
precipitation on aggregate yield. But there has been limited robust studies investigating
the seasonal impact of other climate parameters and weather shocks on a single crop
yield and on yield variability. Analysis of seasonal climate effect on the rice yield and
associated variability at spatially disaggregated locationswill explain the variation in rice
harvest and will help in formulating policies to adapt Indian agriculture to changing cli-
mate. Thus, the present research, using stochastic frontier analysis, exploits district-level
disaggregated data and assesses the effect of seasonal weather variability of five climate
parameters and respective extremes on rice yield and variability, filling the research gap
and contributing to existing literature.

The rest of the paper is structured as follows: the second section describes the data and
methodology, the subsequent section reports the results and the last section concludes.

2 Material and Method

The study analyzes the district-level data for the five southern states of India, TamilNadu,
Andhra Pradesh, Kerala, Karnataka and Telangana, based on the 2015 district boundary
(a total of 99 districts). The district-level data was collected from the International Crops
Research Institute for the Semi-Arid Tropics database for the period 1990 to 2017. The
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non-weather variables included in the study are rice production, gross irrigated area,
gross cropped area, total agricultural labour employed and total fertilizer consumption.
The dependent variable rice yield is the proportion of rice production to rice cropped
area, expressed in tonne per hectare. Given that agricultural input variables are detailed
in composite form, relevant rice-particular non-weather inputs are computed through
prorating [14, 21, 32].

The data on weather variables are sourced from the Terra Climate database, which
holds monthly temporal high-resolution meteorological data for the global terrestrial
surface for the period 1958–2019. The data is transmitted in batch operation to develop
annual tables at the state level for each variable.Weather variables are considered through
four Indian Meteorological Department defined seasons: Summer (March–May), Rainy
(June–September) and Autumn (October-December) and Winter (January–February).
The independent seasonal weather variables included are minimum and maximum tem-
peratures, evapotranspiration, rainfall and windspeed. Labels and summary statistics of
both weather and non-weather variables of interest are presented in Tables 1 and 2.

Given the possibility of a non-linear relationship between rice yield and climate,
quadratic terms of seasonal weather variables are included. Further, seasonal weather
anomalies are considered since seasonalweather variables deviating fromclimate normal
are expected to affect agricultural performance. As per World Meteorological Organi-
sation, climate normals are averages of climatology variables over at least two decades.
Deviation of observed weather from such long period average (or weather anomaly) is
considered normal if:

xit ∈ xi ± τxi (1)

where, xit is the observed weather in district i at time t, xi is the climate normal and τ is
the climate threshold. Weather anomalies ω beyond ±τ of xi capturing weather shocks
takes the asymmetric response of rice yield to extreme climate events into account [32].
To compute τ , , normality of variables are assumed, which is often adopted to find
outliers (climate extremes). Considering 99% confidence interval, climate threshold is
expressed in a percentage as:

τ = Z0.99.σ

xi
× 100 (2)

where, Z0.99 is the z-score of 99% confidence level and σ is the standard deviation of
the sample statistics. Hence, post computing τ , forty weather anomalies of five climate
parameters across four seasons is constructed and written as:

Highω =
{
1ifxit ≥ (1 + τ)xi

0otherwise
(3.1)

Lowω =
{
1ifxit ≤ (1 − τ)xi

0otherwise
(3.2)
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To quantify the effect of weather variables and extremes on yield and associated
variability, controlling non-weather factors, the production frontier developed by Just
and Pope [33, 34] is used as follows:

y = f (X , β) + μ = f (X , β) + h(X , θ)ε (4)

where, y is the output, X is the vector of inputs, ε is random shock, β and θ are unknown
parameters. Expected crop yield E(y) = f (.) and crop variability Var(μ) = h(.); hence
f (.) and h(.) respectively represent the mean yield and yield risk function. Based on
these, regression equations estimating climate sensitivity of rice crop are written as:

E(y)it = Xitβ + Zitγ + αi + δt + εit (5.1)

Var(μ)it = Witθ + αi + δt + εit (5.2)

where, Xit represents the vector of seasonal weather variables in district i in time t
including minimum temperature, maximum temperature, rainfall, evapotranspiration
and windspeed; Zit represents the vector of non-weather variables in district i in time t
including agricultural labour, fertilizer used and irrigated area;Wit represents the vector
of seasonal weather anomalies in district i in time t; β, γ and θ are unknown parameters
to be estimated; αi are the district fixed-effects; δt is the time fixed-effects; εit and εit
are error terms.

3 Results

Prior to estimation, weather and non-weather variables were examined for unit-root
using the augmented Dickey-Fuller test and were found stationary. Since panel data
is estimated utilizing either a random or fixed-effect model, the Hausman test is per-
formed. This rejected the null hypothesis of non-correlation between district-specific
effect and explanatory variables, prompting the adoption of a fixed-effect estimation.
Also, the Breusch-Pagan test is used to screen for heteroscedasticity, which rejected the
null hypothesis of homoscedastic variance. To account for heteroskedasticity as well as
autocorrelation and cross-sectional dependence, a three-stage feasible generalized least
square estimation is adopted for the Just Pope model. In the first stage, yit is regressed on
f (.) and residuals are computed. In the second stage, the natural logarithm of the square
of the estimated residual is regressed on h(.). In the third stage, the first stage regression
is reestimated applying deemed weights (predicted value of residuals) procured from the
second stage. The second and third stages, respectively, provided consistent estimates
of h(.) and f (.). Diagnostic tests and regression results are reported in Tables 3 and 4.

The Akaike criterion, an estimator of prediction error, showed the quality of the
statistical model and the probability value of F statistics and indicated that the model is
statistically significant. Durbin-Watson statistics specified the presence of trivial positive
autocorrelation among residuals. The mean yield of rice is considered as a measure
of weather and non-weather factors in the estimated specifications, whereas climate
extremes, as reflected by weather anomalies, are considered to determine rice yield
variability. The coefficient of district-fixed effect and time trend are omitted. Even so, the
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latter was found positive and significant, demonstrating that technological advancement
had increased mean yields and associated variability. In the second and third stages of
regression, the coefficients obtained portray the marginal impacts of inputs on the mean
and variance of yield. The elasticity, inflection point and semi-elasticity of non-weather,
weather and anomaly inputs, respectively, are further computed to discern the range to
which seasonal climate parameters influence rice production.

Increases in maximum temperature during the summer and autumn seasons decrease
rice yield at an increasing rate, affecting planting and harvesting periods, with turning
points at 33.15 and 33.67 °C. Likewise, during the summer and rainy season, a rise
in minimum temperature reduces yield at an increasing rate, obstructing the planting
and growing period, with shifting points at 27.20 and 26.93 °C, respectively. But as the
minimum temperature increases beyond 22.78° in the autumn season, the expected yield
declines as the harvesting is affected. Warmer climate protects plants from pest attacks,
but temperature above optimal level with increased moisture loss is harmful for rice
production, damaging root growth.

Turning now to essentialwater elements for a crop cycle, an increase in rainfall during
the rainy seasons decreases yield at an increasing rate, affecting the growing period, with
a turning point of 812.03 mm. But during winter seasons, heavy rain rises rice yield at
a rising rate with a shifting point of −46.80 mm. Though rice flourishes in flooded soil,
intense rain causes oxygen deficiency that damages temperate crops during the growing
period. As evapotranspiration, quantifying the water use in the rice production process,
increases beyond 105.05 and 30.92mm in summer andwinter, the expected yield drops as
the planting period is mainly impeded. Similarly, a rise in evapotranspiration during the
rainy season reduces rice yield at an increasing rate, affecting the growing period, with a
turning point at 83.77 mm. Higher evapotranspiration coupled with solar radiation dries
out the soil, physically impairs plants and affects germination. Moving on to consider
the velocity of wind, as windspeed rises above 1.52 m per second in the winter season,
yields decline. Moderate wind favours plants by increasing carbon dioxide supply, but
strong wind knocks plants over, abrading the plant tissues.

Variability in rice yield is mainly found to be sensitive to the minimum nighttime
temperature. A minimum temperature of 1 °C below climate normal in the winter sea-
son increases yield variability by 251.01%. Likewise, as the minimum temperature in
the winter season exceeds the climate normal by a unit, yield variability increases by
317.67%. Because of the higher minimum temperatures, increased seasonal heat-flux
during nighttime poses a greater effect on rice yield risk than on vegetative growth,
because of the increased rate of senescence. Considering the non-weather factors, with
a yield elasticity of 0.04, rice production increased by 848.0 kilos per hectare when an
added tonne of fertilizer was practiced per unit of gross cultivated area. Similarly, a unit
increase in the irrigated area raises mean yield by 1300.8 kilos per hectare with a yield
elasticity of 0.18. Given rice farming is input-intensive, adequate nitrogen fertilizer use
and irrigation expansion provide the required nutrients, allowing for a consistent food
supply.
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4 Conclusion

Using the Just and Pope production function, this paper examined the impact of non-
climate and climate factors on rice yield and variability in south India from 1990 to
2017. This study relied on district-level panel data, reflecting a larger magnitude of
estimated changes in rice production to relative changes in the weather pattern, under-
taking seasonal measures of the following climate parameters: minimum and maximum
temperatures, rainfall, evapotranspiration and windspeed. It furthermore expands the
research by incorporating seasonal weather anomalies to assess weather shocks, allow-
ing for asymmetric climate effects by separately estimating positive and negative anoma-
lies. Since non-weather variables could either increase or decrease production risk, the
analysis controls these factors when evaluating the production frontier. The estimation
results indicate that average yield and yield variability are climate-sensitive and seasonal
weather variations and extremes significantly influence rice production.

Rice yield is found to be sensitive to changes in evapotranspiration, maximum and
minimum temperature in the summer season,while in the rainy season, shifts inminimum
temperature rainfall and evapotranspiration are observed to affect yield. In the autumn
season, variation in rainfall, windspeed and evapotranspiration are found to influence
mean yield,while rice yield is reported susceptible to changes inminimumandmaximum
temperature in the winter season. Analysis showed that expected yield across seasons
is primarily influenced by two climate parameters: evapotranspiration and minimum
temperature. Furthermore, theminimum temperature above normal is observed as a risk-
increasingweather input for rice during thewinter season. As it happens, all non-weather
inputs are reported positively related to rice yield, as Pattanayak and Kumar [13] found.
Also, present empirical outcomes converge towards that ofArshad et al. [35], Arumugam
et al. [36] andPoudel et al. [37].AsBarnwal andKotani [22] noted, increased temperature
is found to decrease the yield and increased rain is found to increase the yield. Seasonal
differences in surface temperature and precipitation influence crop yields through their
effect on plant development, whereas weather anomalies sway farmer crop management
decisions.

The current study underscores the importance of implementing appropriate policy
measures, making south Indian agriculture more resilient to changing climate. Given
the dominance of the primary sector and economic relevance of this principal staple
crop to south India as well as the national economy, weather fluctuations are expected
to exacerbate the annual rice availability with elevated price volatility [38], worsening
the production and the state of the poor. Changes in cropping patterns, the installation
of climate-smart systems, changes in land use, crop diversification, the selection of
short-duration varieties, the introduction of high-yielding temperature-tolerant varieties
using genetic approaches, insurance provision and improved irrigation are examples of
copingmechanisms that ought to be implemented [39, 40].Delaying profound adaptation
efforts by even ten years might double the adaptation cost [16]. Countering adversities of
changing climate through mitigation and adaptation strategies, region-specific policies,
federal programmes and support are therefore recommended, thus pivotal for state-wide
rice production and, by extension, food security.
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Appendix

Table 1. (Variable labels)

Variable Label Variable Label

Yield Yield in tonne per hectare WSR2 Square of windspeed in rainy
season

AgriLab Number of agricultural labour per
hectare

WSA2 Square of windspeed in
autumn season

FertCons Fertilizer consumption in tonne per
hectare

MXT1 High maximum temperature
anomaly in winter season

IrriArea Irrigation area per hectare MXT2 Low maximum temperature
anomaly in winter season

MAXTW Maximum temperature in winter
season

MXT3 High maximum temperature
anomaly in summer season

MAXTS Maximum temperature in summer
season

MXT4 Low maximum temperature
anomaly in summer season

MAXTR Maximum temperature in rainy
season

MXT5 High maximum temperature
anomaly in rainy season

MAXTA Maximum temperature in autumn
season

MXT6 Low maximum temperature
anomaly in rainy season

MAXTW2 Square of maximum temperature
in winter season

MXT7 High maximum temperature
anomaly in autumn season

MAXTS2 Square of maximum temperature
in summer season

MXT8 Low maximum temperature
anomaly in autumn season

MAXTR2 Square of maximum temperature
in rainy season

MNT1 High minimum temperature
anomaly in winter season

MAXTA2 Square of maximum temperature
in autumn season

MNT2 Low minimum temperature
anomaly in winter season

MINTW Minimum temperature in winter
season

MNT3 High minimum temperature
anomaly in summer season

MINTS Minimum temperature in summer
season

MNT4 Low minimum temperature
anomaly in summer season

MINTR Minimum temperature in rainy
season

MNT5 High minimum temperature
anomaly in rainy season

MINTA Minimum temperature in autumn
season

MNT6 Low minimum temperature
anomaly in rainy season

(continued)
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Table 1. (continued)

Variable Label Variable Label

MINTW2 Square of minimum temperature in
winter season

MNT7 High minimum temperature
anomaly in autumn season

MINTS2 Square of minimum temperature in
summer season

MNT8 Low minimum temperature
anomaly in autumn season

MINTR2 Square of minimum temperature in
rainy season

RA1 High rainfall anomaly in
winter season

MINTA2 Square of minimum temperature in
autumn season

RA2 Low rainfall anomaly in
winter season

RFW Rainfall in winter season RA3 High rainfall anomaly in
summer season

RFS Rainfall in summer season RA4 Low rainfall anomaly in
summer season

RFR Rainfall in rainy season RA5 High rainfall anomaly in rainy
season

RFA Rainfall in autumn season RA6 Low rainfall anomaly in rainy
season

RFW2 Square of rainfall in winter season RA7 High rainfall anomaly in
autumn season

RFS2 Square of rainfall in summer
season

RA8 Low rainfall anomaly in
autumn season

RFR2 Square of rainfall in rainy season EV1 High evapotranspiration
anomaly in winter season

RFA2 Square of rainfall in autumn season EV2 Low evapotranspiration
anomaly in winter season

EVW Evapotranspiration in winter
season

EV3 High evapotranspiration
anomaly in summer season

EVS Evapotranspiration in summer
season

EV4 Low evapotranspiration
anomaly in summer season

EVR Evapotranspiration in rainy season EV5 High evapotranspiration
anomaly in rainy season

EVA Evapotranspiration in autumn
season

EV6 Low evapotranspiration
anomaly in rainy season

EVW2 Square of evapotranspiration in
winter season

EV7 High evapotranspiration
anomaly in autumn season

EVS2 Square of evapotranspiration in
summer season

EV8 Low evapotranspiration
anomaly in autumn season

(continued)
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Table 1. (continued)

Variable Label Variable Label

EVR2 Square of evapotranspiration in
rainy season

WS1 High windspeed anomaly in
winter season

EVA2 Square of evapotranspiration in
autumn season

WS2 Low windspeed anomaly in
winter season

WSW Winspeed in winter season WS3 High windspeed anomaly in
summer season

WSS Windspeed in summer season WS4 Low windspeed anomaly in
summer season

WSR Windspeed in rainy season WS5 High windspeed anomaly in
rainy season

WSA Windspeed in autumn season WS6 Low windspeed anomaly in
rainy season

WSW2 Square of windspeed in winter
season

WS7 High windspeed anomaly in
autumn season

WSS2 Square of windspeed in summer
season

WS8 Low windspeed anomaly in
autumn season



140 S. Mohapatra et al.

Ta
bl
e
2.

(D
es
cr
ip
tiv

e
st
at
is
tic
s
an
d
st
at
io
na
ri
ty

ch
ec
k)

D
es
cr
ip
tiv

e
st
at
is
tic

s
A
ug
m
en
te
d
D
ic
ke
y-
Fu

lle
r
te
st

M
ea
n

V
ar
ia
nc
e

M
ea
n

V
ar
ia
nc
e

ch
i2

Pr
ob

>
ch
i2

ch
i2

Pr
ob

>
ch
i2

Y
ie
ld

2.
73
07

0.
95
02

R
FW

9.
51
54

19
7.
27

57
Y
ie
ld

68
4.
12
95

0.
00
00

R
FW

28
38
.1
21
5

0.
00
00

Fe
rt
C
on

s
0.
14
49

0.
01
02

R
FS

51
.6
96
9

17
11

.9
63

2
Fe

rt
C
on

s
42
7.
69
74

0.
00
00

R
FS

26
99
.1
60
3

0.
00
00

A
gr
iL
ab

1.
00
66

0.
37
41

R
FR

21
2.
66
64

51
,5
54

.8
64

9
A
gr
iL
ab

33
6.
82
73

0.
00
00

R
FR

20
38
.3
81
1

0.
00
00

Ir
ri
A
re
a

0.
38
27

0.
04
98

R
FA

11
7.
67
74

52
68

.4
85

1
Ir
ri
A
re
a

41
5.
97
11

0.
00
00

R
FA

18
32
.2
94
8

0.
00
00

M
A
X
T
W

30
.9
22
1

1.
98
38

E
V
W

38
.5
84
3

83
2.
76

28
M
A
X
T
W

21
21
.9
72
7

0.
00
00

E
V
W

20
87
.3
83
9

0.
00
00

M
A
X
T
S

35
.0
46
9

5.
88
63

E
V
S

56
.4
09
2

87
0.
26

71
M
A
X
T
S

29
50
.5
18
0

0.
00
00

E
V
S

27
98
.3
68
6

0.
00
00

M
A
X
T
R

31
.1
27
0

10
.0
14
2

E
V
R

92
.9
33
6

66
4.
56

72
M
A
X
T
R

15
01
.6
02
8

0.
00
00

E
V
R

16
64
.9
21
6

0.
00
00

M
A
X
TA

29
.4
21
9

2.
19
94

E
V
A

85
.0
08
4

50
5.
66

74
M
A
X
TA

80
2.
71
65

0.
00
00

E
V
A

19
08
.6
51
8

0.
00
00

M
IN

T
W

19
.1
18
6

4.
67
58

W
SW

1.
74
53

0.
22
17

M
IN

T
W

12
63
.0
18
6

0.
00
00

W
SW

59
7.
35
33

0.
00
00

M
IN

T
S

23
.4
74
2

4.
17
64

W
SS

2.
02
44

0.
13
32

M
IN

T
S

17
07
.2
08
7

0.
00
00

W
SS

54
3.
45
73

0.
00
00

M
IN

T
R

23
.0
01
1

5.
97
39

W
SR

2.
59
76

0.
28
76

M
IN

T
R

11
23
.7
96
3

0.
00
00

W
SR

36
5.
18
88

0.
00
00

M
IN

TA
20
.1
48
6

4.
90
38

W
SA

1.
57
20

0.
19
12

M
IN

TA
12
10
.0
54
8

0.
00
00

W
SA

35
6.
25
14

0.
00
00

N
um

er
ic
al
ly

fo
rm

at
te
d
to

fo
ur

de
ci
m
al
pl
ac
es
.



Seasonal Weather Sensitivity of Staple Crop Rice in South India 141

Table 3. (Diagnostics tests)

Pre estimation Post estimation

Mean equation Variance
equation

chi2 Prob > chi2 F-stats 577.4731 3.6333

Hausman 262.0670 0.0000 P-value(F) 0.0000 0.0000

Breusch-Pagan 3099.7300 0.0000 Log-likelihood −5237.3660 −4628.5410

Akaike criterion 10,564.7300 9529.0830

Schwarz
criterion

10,818.5200 10,296.0700

Hannan-Quinn 10,657.7300 9810.1540

Rho 0.0108

Durbin-Watson 1.9076

Numerically formatted to four decimal places.
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Abstract. Ensuring a sustainable transition process, whether at a global or local
level, involves designing an energy mix appropriate to the user’s needs. The aim is
to identify the optimal future strategy thatmaximizes both socio-economic benefits
and sustainability. To address these challenges, multiple modeling tools are now
available to assess different scenarios before implementation. However, modeling
tools are generally designed for economic optimization. This is the case with the
Open-Source Energy Modeling System (OSeMOSYS) a CLEWs tool. This paper
proposes an optimization methodology in terms of sustainability, introducing Life
Cycle Assessment (LCA) as a global estimator. In particular, the effects of energy
payback times (EPBT) on the selection of transition scenarios will be evaluated.
To ensure the reproducibility of the study, we present an exercise that uses data
for a fictitious country that shares features of both a developing and a developed
country (Atlantis).

Keywords: Sustainable energetic transition · CLEWs · OSeMOSYS · Life cycle
analysis · Energy payback time

1 Introduction

Climate resilience requires optimal management of vital resources: Energy, Water, and
Food or land use (EWF). The management of these resources relies on several factors
like technology and fuel choices, resource availability, and market factors, which can all
be affected by national resource policies [1]. These resources are strongly interlinked
and comprise a coherent system (also called “Nexus”). For example, energy from fossil
fuels has a direct effect on GHG emissions and then extreme droughts caused by climate
changes can lead to significant food and energy security problems due to intensified
water supply stress [2].

Nowadays, several models for optimizing resource management are widely used [3].
In particular, one of themost accepted namely Climate, Land, Energy, andWater systems
(CLEWs), arose to clarify the connections between different actions and their possible
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consequences [4] both in the medium and long term. Indeed, CLEWs is an open-source
linear predictive model, sequentially EWF resolved.

Energy transition toward Renewable Energy (RE) as recommended by the Sustain-
able Development Goals (SDG 7), raises questions about economical and reliability
issues. Nevertheless, some RE technical solutions are not economically competitive
within the long-term time frame. However, for an adequate energy planning system, eco-
nomic optimization is not enough. Other optimization criterions linked to sustainability
need to be added.

Modeling an energy system and its relevant scenarios is complex, likewise flexible
and open tools will be increasingly useful to test out new hypotheses and approaches
[5, 6]. Indeed, the Open Source Modeling System (OSeMOSYS) a CLEWs tool, a
newly developed open-source systems optimization model covering a medium- to long-
term time frame [7], is well suited for this purpose. OSeMOSYS can be freely applied
following the user’s needs, thus in the present case, through its interface known as
ModelManagement Infrastructure (MoManI), a set of scenarios aremodeled. Employing
OSeMOSYS and MoManI, users can create and add individual blocks into a common
model, model step creation is fully described in [8].

The review of the literature revealed that authors including [9–12], developed within
theOSeMOSYS core for economical optimization,methodologies relying on constraints
including costs evaluations, CO2 emissions activity, energy efficiency, energy security,
etc. None of these constraints address the sustainability context. Therefore, this paper
aims to develop a methodology aiming to model and provide an optimal evaluation of
sustainable transition scenarios across an adequate mix of energy generations technolo-
gies not by considering a single criterion (technical or economical) but from a sustain-
ability perspective as a multicriteria approach by introducing the Life Cycle Assessment
(LCA) concept, as a sustainability estimator [13, 14]. For that, the LCA indicators will be
involved in OSeMOSYS as an optimization procedure. The algebraic formulation of the
modified and remaining code and the code itself [15], are provided as an online supple-
ment to this paper. For this early stage ofwork, the corresponding energetic sustainability
indicator, the Energy Payback Time (EPBT) has been included and evaluated.

To simplify the identification of the optimization effects in terms of the energetic
sustainability, a well-known nexus framework, named Atlantis is considered [8]. Even
if Atlantis nexus defaults data and its build methodology might not be realistic but
is interesting because of the implication of several technologies used in its modeling
including renewable and non-renewable energies. A set of scenarios are defined, and
the obtained results are compared considering the optimization estimators both only
economic factors and including additional energetic sustainability constraints.

The current analysis relies on a fictive country data example but allowed us to confirm
the possibility to conduct a sustainability evaluation into OSeMOSYS energy mix plan-
ification for an economical optimization. So, Scenarios comparison will allow pointing
out the importance of considering EPBT estimator actions alongside the objective of
integrating RE in a target nexus.
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2 Methodology

In this paper, the Atlantis nexus example of OSeMOSYS has been used to evaluate
how the application of the energetic sustainability indicator affects the energetic mixing
optimization. Atlantis is a fictional country that shares features of both a developing and a
developed country. This energy model is developed by [16] as an exercise demonstrating
the use ofMoMani. The data (Technical and economical) used inAtlantis are not specific
for any country but were extracted from the International Renewable Energy Agency
reports and IEA-Energy Systems Analysis Program -Technology briefs (E01, E02, E03,
E06, E10, and E11).

Different scenarios linked to nuclear andSolar technology are evaluated using strictly
economic optimization by including EPBT as constraining.

In this section, the energy modeling and optimization tool OSeMOSYS is described.
In addition, it discusses LCA and its indicators and introduces the energy system
modeling.

2.1 Open-Source Energy Modeling System (OSeMOSYS)

OSeMOSYS tool is specifically designed to model and computes the energy supply mix
in term of generation capacity and delivery. This energy modeling tool aims to meet
the energy services demands every year and in every time step of the case under study,
minimizing globally the total discounted costs [17].

The merit variable to be optimized is the system total cost including the capital cost,
the fixed costs, the variable costs as well as the emission penalty costs. The variable cost
is related to each available capacity per technology unit, while the fixed cost goes to the
maintenance of the existing capacity and the capital cost is the cost for a new addition
in the capacity [16].

OSeMOSYS uses a deterministic linear optimization associated with different input
data related to technical constraints, economic realities, or environmental targets and
therefore assumes a unique decision-maker, perfect foresight, and competitive markets
[17].

Several analysis interfaces are currently used beingMoManI selected for the present
work.

2.2 Energetic Sustainability Across EPBT the Frame of the Lifetime Analysis

LCA of energy generation system implies the investigation of its three indicatives to
easily evaluate their sustainability and environmental performance. These indicatives
are the Internal Rate of Return (IRR), Energy Payback Time (EPBT), and the Input
Mitigation Potential in TermofClimateChange (IMPcc) [18]. In reality, these indicatives
are evaluated separately to estimate the studied technology performances such as the
entire emission activity during its entire lifetime in a cradle-to-cradle paradigm.

EPBT is considered one of themost effective unbiased estimators to evaluate the ener-
getic sustainability of a product/process/initiative. Expressed in years, EPBT is defined
as the period required for an energy generation system to produce the same amount of
energy which is the primary energy that was used to produce the entire system [19]. It is
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theoretically given by the cumulative energy demand; CED (MJ) over the annual energy
generated by the system; Ep (MJ/year).

EPBT = CED

Ep
(1)

The CED expresses the energy input during the system’s lifetime including the
energy required starting from the extraction of rawmaterials, transportation, processing,
manufacturing, and usage to the end-of-life of the activities. While Ep is the system
electricity generation over a year.

2.3 EPBT Inclusion on the OSeMOSYS Tool

As explained before, the core of the presented work is to evaluate the effect of including
the energetic sustainability estimator EPBT in the optimization process. For that, based
on the flexibility of OSeMOSYS, EPBT can be integrated into MoManI through an
accurately designed function being the main challenge convert an energetic variable into
an economic cost weight.

As a first-order approximation, we will work under the hypothesis that, the energetic
systemmust produce yearly an extra quantity of energy to recuperate the expended during
the implementation process (cradle-cradle). Considering the extra production annually
distributed evenly, we can define the ratio between the EPBT and the operational useful
life of the energetic system as a correction factor.

The extra production will increase the corresponding yearly variable cost associated
with the technology, avowing, at the same time the implementation of extra energetic
capacity. Equation (2) shows the Yearly Total variable cost:

YTVc =
[
Pr ×

(
1+ EPBT

OL

)]
× VC (2)

where;
YTVc: Represents the Yearly Total Variable cost. It is the annual variable operating

cost of each technology derived from the total annual bymode and the parameter variable
cost;

Pr: Is the Yearly Energy Production per technology;
OL [year]: Is the Operation Life, it is the useful operational Lifetime per technology;
VC: Represents the Variable Cost and it is related to each available capacity per unit.
The effect associated with the EPBT inclusion for technology will be inversely

proportional to its operational useful life. Moreover, the EPBT effect is so much less the
cheaper the technology is implemented.

3 Case Study: Atlantis Power System

The proposed methodology is evaluated in a set of energetic scenarios for the Atlantis
nexus. Atlantis nexus is a fictitious country developed into the MoManI interface as an
example for validation and software control. Atlantis energymodeling system parameter
data is fully described in Table 1.
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Table 1. Atlantis parameter data set.

Parameter

Technology

Output
to

activity
ratio
(Year)

Life
time
(Year)

EPBT
(Year)

Fixed
cost

(M$/PJ)

Capital cost (M$/GW) Variable cost (M$/PJ)

2014 2025 2040

Capacity
to activity

Unit

Capacity Factor
(Daily variation)

D N

PP1 NGSC ; Nat gas 1 30 8.17 44 2300 - - 24.15 31.53 1 1
PP2 DSGC ; Diesel 1 30 12.68 36 900 - - 109.50 31.53 1 1
PP3 IGCC ; Coal gasification 1 30 12.93 148 3700 - - 11.57 31.53 1 1
PP4 HFSC ; Heavy oïl 1 35 29.33 50 2300 - - 35.67 31.53 1 1
PP5 Large Hydro 1 35 7.20 60 4000 - - 0.0001 31.53 0.34 - 0.5 0.34 - 0.5
Mini Hydro 1 25 3.63 65 4500 - - 0.0001 31.53 0.34 - 0.56 0.34 - 0.56
Distributed Diesel 1 40 12.68 55 1070 - - 50.95 31.53 1 1
CSP 1 25 3.10 0 4500 - - 46 31.53 0.28 0
PV_UTL 1 25 1.30 0 1800 - - 8.33 31.53 0.15 0
PV_ROF 0 20 0 0 3200 - - 8.33 31.53 0.15 0
Wind 1 25 10.32 0 1362 - - 4.16 31.53 0.25 0.25
NGCC; NEW: Combined Cycle GT 1 35 8.17 44 1100 - - 22.13 31.53 1 1
NEW : Nuclear (Light Water) 1 50 N. A 0 3000 - - 13.42 31.53 1 1

3.1 Modeling Scenarios

To model the scenarios, all the parameters including technical and economical are iden-
tified from the MoManI training manual where the Atlantis power system has been
modeled using OSeMOSYS [8]. For each technology, the EPBT is computed following
Eq. 1.

Business As Usual (BAU). BAU is defined as a frozen version of the energetic system.
The long-term evaluation of BAU allows the evaluation of the non-insertion of new
initiatives into the nexus energetic mix. Figure 1 shows the yearly energy generation
of the optimized technologies. Thus, the most competitive technology over the time
horizon in terms of economical optimization is the Hydro dam next to the nuclear and
wind technologies.Wind technology needs ten years since its introduction into themix to
reach the maximum capacity of 2 PJ. With the time horizon, nuclear production capacity
increases by 70% and reaches a total of 2,400 MW on capacity integrated over the full
period.

Fig. 1. BAU Annual energy production by technology
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Effect of Applying Nuclear EPBT Values on the Energetic Mix. The first assumed
scenarios are related to evaluating the effect of applying Nuclear EPBT values into the
energy mix for economical optimization. Nuclear scenarios are compared with BAU to
evaluate the effect of the EPBT.

Nuclear energy has been always at the center of social discussions. Probably, for this
reason, EPBT cannot be precisely estimated. Because the nuclear fuel efficiency is high,
only in production terms the EPBT is around 3 years. But, considering the power plant
implementation as well as the waste management, the last estimations reflect a realistic
EPBT between 80 and 300 years. Therefore, a set of three sub-scenarios are defined: a)
Scenario with Nuclear EPBT = 20 years; b) Scenario with Nuclear EPBT = 80 years;
c) Scenario with Nuclear EPBT = 300 years.

The effect of energetic sustainability on the optimization procedure for each of the
defined sub-scenario is discussed following the annual energy production per technology
as illustrated in Fig. 2. Indeed, Fig. 2 (b) and (c) show clearly that nuclear technology is
not energetically sustainable and is not included in the energeticsmix. The energy needed
to be produced using the nuclear plant in BAU is now generated by the hydro dam. Even
considering a short EPBT, the effect on the nuclear contribution to the energetic mixing
decreases by 13% in terms of annual production capacity while additional new capacity
integration is practically unnecessary (see Table 2 for details).

Fig. 2. Nuclear Scenarios; EPBT effect on the annual energy production by technology

Taking into account the current tendencies policymakers and experts argue toward
nuclear energy that favoring the transition toward clean and safe energy without nuclear
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technologies. In addition, nuclear EPBT of 50 years of a lifetime can easily reach 100
or more years due to its dismantlement operation and its waste management which cost
more in terms of financial cost, energy, and environmental hazard.

However, in all scenarios, Solar Photovoltaic (PV) technology looks still not
competitive being its contribution null.

Table 2. Nuclear Total annual new capacity to be installed (MW) nuclear power

Year 2014 2016 2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040

BAU 0 0 33 70 70 80 85 86 100 130 140 145 155 162
Nuclear EPBT =20 year 0 0 57 100 110 110 110 110 110 125 136 145 151 160
Nuclear EPBT =80 year 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Nuclear EPBT =300 year 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Effect of Applying PV Solar EPBT Values on the Energy Mix as a Function
of the Climatic Condition. Technologies cannot only be optimized depending only
on their financial cost but also depend on the resource availability, especially for RE
that are climatically dependent as the solar PV. Solar PV technology efficiency hardly
depends on both temperature and irradiation level, increasing the corresponding capac-
ity factor (CF) which is the percentage of the daily effective working time. Solar PV in
Atlantis is modeled with a CF of 15% which cannot be considered realistic. To adequate
the CF values and based on the Köppen-Geiger climate classification as used by [20],
three scenarios have been defined attending to their local solar resource as shown in
Table 3.

Table 3. Solar PV capacity factor under the Köppen-Geiger climate classification

Köppen-Geiger
Climate type

Calculated Capacity factor

1 Polar 35%

2 Temperate and Continental 55%

3 Tropical, Arid 95%

For each climate type, two sets of scenarios are gathered and then optimized. The
first set corresponds to the standard OSeMOSYS economic optimization, while in the
second set of scenarios EPBT is included in the optimization procedure. In all the cases,
EPBT for nuclear technology is higher than 80 years and has not been considered.

The corresponding energetic mixing optimization via the annual production by tech-
nology is plotted in Fig. 3 (a), (c), and (e). The first notice concern eventually the PV
technologywhich doesn’tweigh in the energeticmixwhen consideringAtlantis as a polar
region, where wind, hydro, and the non-conventional technologies are more competitive.
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Fig. 3. Energetic mixing optimization via the annual production for different climatic condition.
(a, c, e) economic optimization. In Fig (b, d, f) the corresponding EPBT is applied

Comparing the annual energy production for tropical and arid scenarios increases up to
57% more than the temperate and continental climate types.

Figure 3 (b), (d), and (f) show the same annual energetic production for the second
set of scenarios when the EPBT estimator has been introduced into the optimization pro-
cedure. The EPBT value associated with the PV technology has been rudely calculated
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for each climatic condition. In all the cases, the EPBT inclusion effect is a decrease of
the PV contribution to the energetic mixing being, by the time horizon ending, the 40%
smaller for temperate continental climate, or 34% smaller for arid conditions.

Finally, Fig. 4 shows the contributions of PV technology to a wide spectrum of
climatic zones. As can be seen, the effect of forcing energy sustainability is a slower
installation of new capacity. Moreover, only for strongly irradiated climatic locations,
the contribution of PV technology is greater than 10% of the demand when energetic
sustainability constraints are applied.

Fig. 4. Solar annual energy production scan over the capacity factor values

4 Conclusions

The effect of the implication of the energetic sustainability indicators on an optimal
design of an energetic transitionmix has been evaluated. TheOSEMOSYS tool (CLEWs
modeling tool for EWF optimization) has been used. As a case study, the Atlantis nexus
has been considered. Because OSeMOSYS base the optimization procedures only on the
economical index, a new equation, including energetic sustainability estimators (EPBT),
has been designed and included in the standard tool.

Two particular cases have been studied: The effect of considering the EPBT on both
nuclear and solar photovoltaic (PV) energy inclusion on the energetic mix on our target
nexus Atlantis. In the case of PV, because the solar source depends on the climatic
conditions, different scenarios, based on the Köppen-Geiger classification have been
considered.

As a global conclusion, to ensure sustainability in the energetic transition, the inclu-
sion of adequate estimators is crucial. More in detail, the inclusion of nuclear energy
EPBT, force the not implementation of a new plant when nuclear waste management is
included in the study.

Concerning the PV technology, as expected, the climatic condition is the parameter
of merit to define the percentage of PV in the energetic mixing. Also, in this case,
the EPBT plays an important role: because of the level of irradiation, high irradiation
locations (smaller EPBT) are the best positioned. Moreover, the EPBT effect can inhibit
the PV implantation in low irradiation locations, in terms of sustainability.
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The developed initiatives will highly assist both developed and developing country
decision-making settings toward an open and costless energy modeling system in the
energetic sustainability context.
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Abstract. Due to the recent encouragement by governments and international
institutions to promote sustainability and green practices in industrial activities,
the implantation of biorefineries has been gaining a more andmore important role.
Thus, they can be the perfect replacement for refineries based on crude oil, with
environment-friendly processes and implying less pollution, the use of natural raw
materials (even agricultural or food wastes, which are usually difficult to manage),
more sustainable products, and economic development of under-industrialized
regions. In that sense, Southwestern Europe (for instance, the Iberian Peninsula
and specifically Extremadura, a region in Spain) has a great potential to implement
green technologies, due to many factors such as suitable climate conditions (for
instance, assuring many sunshine hours, which is positive for solar energy and
energy crops) and a considerable agricultural tradition. The aim of this study
was to assess the possibility of the implementation of a biorefinery based on
oil seed crops in Extremadura, paying attention to the main raw materials used
and the possible processes included to produce a wide range of products such as
biomass, cake for animal feed, vegetable oil, biodiesel, glycerol or biolubricants
(for different industrial purposes), among others. As a result, a global process
with a high atom efficiency was presented, obtaining good yields (exceeding 95
and 90% for biodiesel and biolubricant production, respectively). In conclusion,
a biorefinery of these characteristics (or similar) would be feasible in this region,
mainly due to the high yield and quality of the products obtained.

Keywords: Biomass · Biodiesel · Biolubricant · Glycerol · Vegetable oils

1 Introduction

In the twenty-first century, the transition from a linear economy based on fossil fuels
to a circular bioeconomy (whose underlying principle is the emission of zero waste)
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is no longer an option, but an imperative, given global concern about the depletion of
fossil resources and the demand for eco-compatible innovative products. Biorefinery
is an indispensable technology to implement the circular bioeconomy project since it
produces value-added products (from different sources of biomass, such as waste from
agricultural, forestry, livestock, industrial, etc.), such as biofuels, chemicals, energy, food
and other bio-based products. Therefore, it can be concluded that the most suitable areas
to implement biorefineries are those in which abundant agricultural waste is generated.
For this reason, Extremadura, located in the southwest of Spain, would be an ideal region
for the development of biorefineries due to its strong agricultural and livestock character.

Therefore, considering the above, the main objectives on which this article focuses
are the production of biofuels (biodiesel and biolubricant) from biomass and the
feasibility of implementing a biorefinery in Extremadura.

2 Materials and Methods

Some of the aspects covered in this work were studied at a laboratory level (biodiesel
and biolubricant production). A Batch system was used to synthesize biodiesel (fatty
acid methyl esters, FAMEs). It consists of a reactor equipped with heating, temperature
control, agitation and condensation systems.

Once biodiesel has been obtained, a transesterification reaction between oil and a
short-chain alcohol (methanol) in the presence of a catalyst, it was purified (by means of
differentwashes) anddried (to removepossiblemoisture residues). Subsequently, a series
of parameters were analyzed especially methyl ester content by gas chromatography and
oxidation stability by the Rancimat method. Finally, the result obtained, from each of
them, was evaluated according to the requirements of Standard UNE EN 14,214 [1],
which specifies all relevant characteristics, requirements and test methods for FAMEs.

The production of biolubricant was carried out in a similar equipment. The
differences are that this equipment had a Dean Stark collector and a vacuum pump.

The biolubricant obtained, by transesterification between biodiesel and a complex
alcohol in the presence of a catalyst, was purified and subsequently, like biodiesel, was
characterized following the same procedure. Details of the experimental systems used
and the methodology applied can be found in previous publications [2–5].

3 Results and Discussion

3.1 Biomass

Biomass means all organic matter capable of being transformed into bioenergy or bio-
products. Biomass can be obtained from agriculture, forestry, livestock, or from indus-
tries associated with these sectors (agro-food, forestry, aquaculture, among others).
Biomass is also considered the organic fraction of municipal waste. Biomass can be
energetically recovered through various thermochemical and/or biological processes to
obtain bioenergy in the form of electricity, heat or biofuels for transport such as biodiesel,
bioethanol, etc. [6].
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The conversion of thermochemical-based biomass includes several methods, such
as combustion, gasification and pyrolysis. Although combustion is the simplest method
for biomass conversion, it is not environmentally friendly, mainly due to carbon dioxide,
carbon monoxide and solid particle emissions. In addition, it is associated with technical
difficulties such as ash management. Gasification is a more efficient bioenergy conver-
sion method compared to combustion; However, its application is limited as it requires
a large capital investment and leads to gas production that must be used immediately
to minimize storage and transportation costs. Pyrolysis is an effective technique for
the thermochemical conversion of biomass and waste materials into energy products.
Currently, it is used for the production of bio-oil and the generation of other valuable
chemical by-products [7].

In Extremadura, the biomass sector has grown considerably in recent years, mainly
due to the price difference between conventional fuels and biomass. For this reason,
installations with significant thermal consumption have made the switch to biomass,
obtaining low return on investment periods. In the national context, on the power accu-
mulated by regions in Spain, Extremadura is in fourth place after Andalusia, Castile and
León and Catalonia, whereas in power installed by inhabitants, it occupies third place,
which gives an idea of the importance that this biofuel can take in our region.

3.2 Biodiesel

Biodiesel, an alternative and liquid biofuel to reduce dependence on fossil fuels [8], is
made from different sources of biomass, among which oil crops are the most important,
that is, crops that produce seeds rich in vegetable oils, such as safflower (Carthamus tinc-
torius), rapeseed (Brassica napus L.), sunflower (Helianthus agnus L.) and soy (Glycine
max). Other non-conventional oilseed crops include Ethiopian rapeseed (Brasica car-
inata), which is highly resistant to drought and pests, cardoon (Cynara cardunculus),
a Mediterranean species with a high biomass production capacity, and Jatropha curcas
with capacity to grow in sandy soils of low fertility and in areas with low rainfall.

Biodiesel can be obtained from different biomass conversion processes such as
pyrolysis, transesterification, dilution and microemulsification. Low calorific value,
low engine performance, instability and low-quality biodiesel produced by pyrolysis,
microemulsification and dilution process have made it unsuitable for commercial energy
production. Alternatively, it is observed that transesterification is the best process for the
generation of commercial biodiesel of high quality and quantity. Transesterification, to
obtain biodiesel, consists of the reaction between triglycerides (vegetable oil) and low
molecular weight alcohols, in the presence of a catalyst, which produce methyl esters of
fatty acids (FAMEs) and glycerol as a byproduct [9]. Below is shown, in a generic way,
the global equation of this reaction (see Fig. 1).

Biodiesel production and consumption have expanded rapidly as the best short-term
substitute for mineral diesel. Biodiesel production reached 46.7 million cubic meters
worldwide in 2019, and follows a growing trend in the future [10], as it has several
advantages compared to petrodiesel, including the absence of aromatic compounds,
absence of sulphur, non-toxicity, renewal capacity and high flash point. For this reason,
in recent years, different studies [5, 11] have been carried out in which themain objective
has been to obtain biodieselwith a similar performance tomineral diesel. For this, starting
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from the raw material, mentioned above, and by transesterification, whose operating
conditions have been FAMEs:Alcohol mole ratio: 1:6, catalyst concentration: 1.5%,
temperature: 65 °C and reaction time: 120 min, different types of biodiesel have been
obtained (in all cases a conversion greater than 95% has been achieved). Subsequently,
for each of them a series of parameters has been measured such as viscosity, density,
oxidation stability, viscosity index, acidity index, flash point and combustion, etc., and
then, the values obtained have been compared with the limits set by UNE EN 14,214.
In all cases, most of the requirements have been met, except for the oxidation stability
value that has only been achieved with biodiesel obtained from high oleic safflower.

Fig. 1. Production of Biodiesel via transesterification reaction [9].

Biodiesel is also used as an intermediate product for the production of biolubricants
as it will be commented in the following section.

3.3 Biolubricant

Biolubricants are biologically based lubricants, alternative to mineral oils because they
possess certain natural and biodegradable properties [12]. They can be obtained from
different routes of chemical modification of vegetable oils (see Fig. 2).

The processes used to obtain biolubricant as the final product are based on a series
of basic reactions that include ring opening, esterification, hydrolysis and transester-
ification. These reactions combine to produce the following chemical pathways (see
Fig. 2):

- Route I begins with a hydrolysis reaction (process by which hydrogen is added to
the double bonds in the triglycerides of an oil molecule) of the vegetable oil, resulting
in the formation of free fatty acids (FFA) as a product, plus glycerol as a by-product.
Subsequently, the esterification (process by which an ester is synthesized) of the FFA
is carried out, using an upper alcohol, usually provided with several hydroxy groups
(polyol).

– Route II consists of the transesterification of methyl esters (FAMEs or biodiesel) with
a polyol or superior alcohol (this is a reaction in which an ester is formed through the
exchange of the alkyl group). During the reaction transesterification releases some of
the residual methanol contained in biodiesel.
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– Route III takes place in two stages. In the first stage, the transesterification of vegetable
oil with methanol takes place producing methyl esters of fatty acids (FAMEs or
biodiesel) as a product and glycerol as a by-product. During the second stage, the
same procedure is developed as on route II.

– Route IV is divided into two steps. The first step coincides with the first stage of
Route III. The second step consists of epoxidation (oxygen transfer reaction applied
to a number of types of olefins to form epoxides) of the FAMEs produced, with
hydrogen peroxide and acetic acid.

– Route V begins with the epoxidation of the vegetable oil followed by the opening of
the epoxy ring by alkolysis or hydrolysis.

– Finally, it is noted that route VI consists only of epoxidation reactions in vegetable
oils. The epoxidated oil, in this route, is considered the biolubricant.

Fig. 2. Different routes of chemical modification of vegetable oils to obtain biolubricants [13].

The most commonly used route to obtain biolubricants, according to the literature,
is a double transesterification (Route III). Table 1 shows different studies in which this
method has been followed.

Different studies have been carried out to obtain biolubricants. For their production,
different rawmaterial anddifferent types of alcoholwere used. In turn, different operating
variables have also been set for each study, such as different temperatures, between 130
and 170 °C. The molar ratio, as it can be seen in the table, was changed depending on the
alcohol used. Catalyst concentration is another variable that has been modified (between
1% and 1.5%). It can also be seen that, in some studies, vacuum has been used (which
favors the removal of methanol). Finally, reaction times were between 60 and 120 min.
As a conclusion, it can be observed that all the studies showed a conversion above 90%.
This is quite significant, as it indicates that a biolubricant of high purity can be possible.

Today, around 50% of the world’s mineral lubricants end up polluting the environ-
ment. In addition, one third of the particulate emissions from diesel engines are due to
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Table 1. Different biolubricants and their chemical conditions (Catalyst concentration, [Cat.];
temperature, T; pressure, P; time, t) [2–4, 12, 14].

Raw
material

Alcohol Alcohol:
FAME
ratio

[Cat.],
%

T,
°C

P,
mmHg

t,
min

Yield,
%

Cardoon 2,2-dimethyl-1,3-propanediol 1:1 1.5 130 760 120 92.76

Frying oil 2-ethyl-1-hexanol 1/3:1 1.5 170 760 60 96.80

High
oleic
safflower

2-ethyl-2-hydroxymethyl-1,3-propanediol 1:1 1.5 140 360 90 92.90

Pentaerythritol 1/3:1 1.0 160 260 120 94.13

Rapeseed 2-ethyl-1-hexanol 1/3:1 1.5 170 760 60 96.60

2-ethyl-2-hydroxymethyl-1,3-propanediol 1:1 1.5 120 360 90 99.41

Seed 2-ethyl-1-hexanol 1/3:1 1.5 170 760 60 97.10

the evaporation of the lubricant. For this reason, the production and use of biolubricants
has increased to overcome these disadvantages.

3.4 Biorefineries

Taken into account the previous section, in order to maximize biomass utilization and
minimize waste and emissions associated with the conversion of bioenergy products, the
concept of biorefinery was proposed [15]. This concept was used to efficiently produce
high-value products from different raw materials such as lignocellulosic biomass, algae,
food waste, microbial treated waste and fertilizers. Recently, enzyme technologies with
biorefineries have also been developed and integrated to generate advanced biofuels.
The notion of using biomaterials in technical and production cycles in addition to the
biological cycle opens the opportunities for reuse, recycling and remanufacture known
as circular bioeconomy.

The circular bioeconomy, defined by the European Commission in 2018, promises
to mitigate the effects of climate change while providing a source of renewable carbon
(biomass) and creates commercial and employment opportunities, especially in rural
areas.

Looking ahead, it is expected that most of the economy / global industry will gradu-
ally become a sustainable bio-based society that has bioenergy, biofuels and bio-based
products as main foundations and bio-refineries as a basis. Such replacement of oil for
biomass will require some radical changes in the current production of goods and ser-
vices: the biological and chemical sciences will play a leading role in the generation
of future industries and new synergies of biological, physical, chemical and technical
sciences must be enhanced.

A graphic example of a biorefinery based on vegetable oils is shown in Fig. 3:
In a biorefinery, various processes are carried out (see Fig. 3), inwhich different prod-

ucts are obtained (biodiesel and biolubricant) and by-products (glycerol and methanol).
In addition to these processes, it can be observed that residues such as the seed shell,
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Fig. 3. Example of processes carried out in a biorefinery.

from which the starting oil is extracted for the production of biodiesel, can be used to
make cake for the livestock sector. Also, agricultural waste, such as straw, etc., can also
be used as raw materials for combustion processes and pyrolysis. In turn, the energy
generated during combustion or pyrolysis can also be used for different purposes. On
the other hand, it can be seen that methanol released during the second transesterification
reaction (biolubricant production) can be recovered and reused as a reagent in the first
transesterification (biodiesel production), and glycerol, obtained as a product in the first
transesterification, can be used as a material for energy use, biomedical applications,
materials for batteries, sensors and solid-state electrolytes. Finally, the biolubricant can
be used for different uses in textile, automobile (like biodiesel) or hydraulic sectors,
among others.

Currently, there are already operational biorefineries based on simple raw materials,
however, the final objective would be to develop industrial facilities in Spain that, from
different raw materials, generate multiple products including energy and biomass-based
chemicals (building blocks and their chemical platforms). In this last aspect, the region
of Extremadura could be an ideal area to implement biorefineries, for different reasons
[16]:

– It has a marked agricultural and forestry character. The huge quantities of waste from
activities in this sector are considerable, which can therefore be a source of energy
use.

– It is the fourth useful agricultural area in Spain, with 2.5× 106 hectares, representing
almost 11% of the total useful agricultural area of this country. In this way, the use of
biomass and agricultural waste to create value-added products could be extensive in
a region with such a long agricultural tradition.
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– Due to their variety of agricultural production, different kinds of biorefineries could
be feasible in this region, depending on the raw material on which they are based.
This ensures a great diversification and adaptation to the different markets, making
stable the economic development of this region.

– Extremadura has the fourteenth (of seventeen) gross domestic product per capita, with
19,386e (well below the national average, 25,410e). Therefore, the implementation
of biorefineries could be a good way to develop poor areas in a sustainable way.

– Its privileged location in the Iberian Peninsula could make the marketing of man-
ufactured products possible; as it is among important industrial areas such as Lis-
bon, Madrid or Seville. Consequently, the production of biorefineries could have
regional, national and international business objectives, which could make the size of
biorefineries variable.

4 Conclusions

– Biomass can be valued energetically through different thermochemical and/or
biological processes to obtain bioenergy as electricity, biofuels, etc.

– Biofuels, such as biodiesel and biolubricants, are obtained from different biomass
sources, usually oilseed crops, through different conversion processes. Themost com-
mon, for both, is a transesterification reaction, obtaining high products yields and
proving their feasibility.

– The region of Extremadura, due to its strong agricultural and forestry character and its
location in the Iberian Peninsula, is an ideal area to implement biorefineries, promoting
its economical growth in a sustainable way.
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Abstract. Extremadura region (Spain) produces more than 44,000 hectares of
fruit trees. It is the leading autonomous community in plum production and the
fourth in peach production. Its cultivation generates significant amounts of prun-
ing that are not used. In this work, a characterization of different types of fruit
tree prunings and a study of the necessary pre-treatments for their energy-efficient
use are carried out. Samples of four types of fruit tree (plum (Prunus domestica),
peach (Prunus persica), loquat (Eriobotrya japonica) and nectarine (Prunus per-
sica var. nucipersica)) were subjected to a series of analyses to determine their
energy properties as a biofuel. In addition, the different samples were subjected
to a series of pre-treatments, such as drying and chipping. The results showed
that, in general, pruning residues can be used in the form of chips in medium
and large thermal equipment, as their ash content impedes their efficient use in
small domestic equipment. Among the samples analyzed, plum tree prunings have
slightly better characteristics than the other fruit tree prunings studied.

Keywords: Fruit-tree pruning · Biomass · Thermal use · Characterization

1 Introduction

In Spain, there are extensive agricultural areas in which significant quantities of waste
are generated as a result of the normal development of the activity. Although important
advances have been made in the management of certain biomass waste, there are no
global solutions applicable to all of them and, even today, certain by-products can still
generate environmental problems if they are not managed appropriately. This is the case
of fruit tree waste.

The Spanish fruit and vegetable sector is of great importance to the country’s econ-
omy. According to data from the European Statistical Office EUROSTAT, Spain was
the country with the largest area of fruit trees in the European Union in 2017. Spain
accounted for 33% of a total of 1,409,000 ha of fruit trees in the EU (422,800 ha). At a
considerable distance behind were Italy and Poland, with 22 and 13%, respectively.

Specifically, the Autonomous Community of Extremadura has a total of 44,042 ha
of cultivated fruit trees. It is the leading Autonomous Community in plum produc-
tion (78,500 t) and fig production (18,755 t), third in walnut production and fourth in
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peach production. The latter is the most cultivated fruit species in Spain, with a total of
84,000 ha, of which just over 9,000 ha (11%) are in Extremadura and provide an annual
production of 146,153 t [1].

In the management of pruning waste, field burning without energy recovery has
traditionally been the most widespread procedure. This option causes carbon dioxide
emissions into the atmosphere, loss of organic matter in agricultural systems and fire
hazards. Another problem is that to carry out controlled burning, the pruning residues
must first be accumulated and left to dry for some time on the farm, which leads to the
appearance of pests.

As an alternative, revaluation as biofuel canbe considered, forwhichpruning residues
are subjected to a series of pre-treatments until they are suitable for energy use.

The use of biofuels in agricultural activities today has many advantages, not least of
which is that their use does not imply a reduction in agricultural land [2]. In addition
to this, the continuous increase in the use of biofuels to meet energy demand has led
biomass companies to start looking for new products, such as residues from agricultural
and agro-industrial activities and their combinations [3, 4].

Concerning the use of waste as biomass, although there are numerous references in
the field of forestry residues [5, 6], this is not the case for the use of agricultural crop
residues in general and fruit pruning residues in particular. In this respect, the results
obtained in the EuroPruning and uP_Running projects, coordinated by the Centre for
Research onEnergyResources andConsumption (CIRCE), should be highlighted. These
projects demonstrated the technical, economic, social and environmental feasibility of
using certain agricultural prunings for energy purposes, which is in line with the objec-
tives of this work. The quantification of prunings, as well as collection logistics, have
been the main focus of these projects [7].

In this work, an energy characterization of prunings from different fruit trees and a
study of several necessary pre-treatments (drying and chipping) are carried out so that
they can be used as biofuels in small thermal generation equipment.

2 Materials and Methods

2.1 Biomass Characterization

All samples used were collected from the soil after winter pruning of fruit trees in the
area of Badajoz (Spain). The collected samples are composed of fruit tree branches
less than 2 cm thick. The varieties analyzed, the most common in the area, were those
indicated in Table 1.

Characterization analyses were carried out on all the samples listed in Table 2,
according to the corresponding standards.

Fixed carbon is calculated on a dry basis by subtracting volatile matter and ash
content from 100.

2.2 Drying Tests

Drying tests for fruit tree pruning were carried out through a convective dryer (CE130,
Gunt Hamburg), composed of four removable stainless steel trays, a drying channel (to



Characterization and Feasibility of Fruit Tree Pruning for Energy Use 169

Table 1. Types of fruit trees used in the work.

Fruit tree pruning

Plum tree (Prunus domestica)

Peach tree (Prunus persica)

Nectarine tree (Prunus persica var.
nucipersica)

Loquat tree (Eriobotrya japonica)

Table 2. Standards used in the analyses carried out.

Standard

Moisture UNE-EN ISO 18134-2:2017 [8]

Volatile matter UNE-EN ISO 18123:2016 [9]

Ash UNE-EN ISO 18122:2016 [10]

Calorific value UNE-EN ISO 18125:2018 [11]

Bulk density UNE-EN ISO 17828:2016 [12]

Carbon, hydrogen, nitrogen UNE-EN ISO 16948:2015 [13]

Sulphur, chlorine UNE-EN ISO 16994:2017 [14]

Sodium, potassium UNE-EN ISO 16967:2015 [15]

heat the product and remove moisture), flow control through a heatable fan, and a digital
balance to record weight loss.

Around 250 g of waste was spread on each of the four trays (1 kg in total), so that
the thickness of the sample on each tray was less than 1 cm. Several tests were carried
out, with different drying air velocities (v = 0.8, 1.2 and 1.6 m/s) and temperatures (T
= 30, 40 and 50 °C). Tests that were carried out are shown in Table 3.

Table 3. Drying test carried out.

FTP1 FTP2 FTP3 FTP4 FTP5 FTP6 FTP7 FTP8 FTP9

v (m/s) 0.8 0.8 0.8 1.2 1.2 1.2 1.6 1.6 1.6

T (ºC) 30 40 50 30 40 50 30 40 50

Through experimental tests, the moisture ratio was obtained. Using Fick’s diffusion
equation for flat geometry, the characteristic dimension and properties of the product,
effective diffusivity, and activation energy parameters were calculated.

Effective diffusivity is a fundamental parameter in drying processes. Using experi-
mental tests, it is possible to obtain themoisture ratio,MR, by direct taking. The variation
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of this ratio is closely associated with Fick’s diffusion equation. The analytical solution
of Fick’s second law for flat geometry and long periods y MR values < 0.6 [16, 17] can
be simplified and obtain Eq. 1:

MR = 8

π2 · exp
(
−π2Deff t

L2

)
(1)

where Deff is the effective diffusivity (m2/s), L is the characteristic dimension of the
“thin layer” product (m), and t is the drying time (s).

To determine the effective diffusivity in the studied byproduct, drying analysis was
carried out for various temperatures (30 °C, 40 °C and 50 °C) and different inlet airflow
(0.8 m/s, 1.2 m/s and 1.6 m/s) in the convective dryer previously mentioned.

The activation energy, Ea, is the minimum energy required to produce a chemical
reaction. In this case, is the minimum energy required to start the drying process. Gen-
erally, activation energy and pre-exponential factor are been considered constant. If the
values of LN (Deff) versus 1/T (K−1) are represented, it is possible to identify them by
a linear relationship in the temperature range selected. The value of the slope of the
line represented coincides with the value of Ea/R. So that it can obtain the values of the
activation energy of the byproducts studied.

2.3 Chipping Tests

To compare different methods of particle size reduction, several chipping trials were
carried out with two different chippers: a blade chipper and a roller mill.

Table 4 shows the characteristics of the equipment used.

Table 4. Characteristics of the chipping equipment used.

Model Weight (kg) Engine Nominal Power
(kW)

Blade chipper Cip Line B25 E4 170 Three-phase
asynchronous

4

Roller mill GeoTech ESB 2803
Roller

30 Single-phase 2.8

Three types of tests were carried out, one with the blade chipper and two with the
roller mill. In the second case, one test was carried out with the minimum aperture and
the other with the maximum aperture. A determined amount of sample was manually
introduced into the equipment, and the time of the test and the power consumption of
the equipment was recorded with a network analyzer.

3 Results and Discussion

3.1 Biomass Characterization

Table 5 shows the results of the proximate analysis of the samples used in this study.
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Table 5. Proximate analysis.

Fruit tree pruning Volatile matter (%
db)

Fixed carbon (%
db)

Ash (% db) Moisture (% wb)

Plum tree (Prunus
domestica)

84.88 11.27 3.85 ± 0.15 29.64 ± 4

Peach tree
(Prunus persica)

82.48 15.05 2.47 ± 0.4 35.31 ± 0.5

Nectarine tree
(Prunus persica
var. nucipersica)

82.74 13.81 3.45 ± 0.3 45.02 ± 0.6

Loquat tree
(Eriobotrya
japonica)

78.60 17.16 4.24 ± 0.5 53.31 ± 0.5

Moisture varies depending on the time the samples have been collected and the
weather conditions. In this case, pruning was carried out in December and all moisture
analysis was done two days after collection.

Given the results shown in Table 5, it can be seen that the ash percentage of the
samples is slightly high in all cases. This situation will harm the use of these by-products
in small thermal equipment with a minimum ash collection capacity. In this sense, it is
recommended to use them in higher power equipment in the tertiary or industrial sector,
with an acceptable capacity to be able to manage the ash adequately. In addition, the ash
percentage data are very close to those shown for other species used for thermal use,
such as miscanthus or switchgrass [18, 19]. However, the pruning of plum trees with
larger branches has a lower percentage of ash, as it has a lower proportion of bark in
its composition. In this respect, it would be recommended for thermal use compared to
other options.

Both volatilematter and fixed carbon values are similar to each other and very similar
to other similar by-products.

Table 6 shows the results of the elemental analysis performed on the samples. No
significant variations from typical lignocellulosic biomass pruning values are observed.

Table 7 compiles the values of bulk density and high heating values for all samples.
Taking into account the bulk density, if the effect of moisture weight is eliminated, it

can be indicated that plum prunings have the highest bulk density (dry basis), reaching
approximately 141 kg/m3, as opposed to loquat (dry basis) with 119 kg/m3.

The high heating values indicate the similarity between them, as all samples are
made up of small fruit tree branch prunings. There are slight variations between the
different types, but these are not significant. This fact leads to the conclusion that the
calorific value of the samples analyzed is not a differentiating factor in favor of one of
the options.
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Table 6. Ultimate analysis.

Fruit tree
pruning

C (% db) H (% db) N (% db) S (% db) Na (% db) K (% db) Cl (% db)

Plum tree
(Prunus
domestica)

44.51 7.01 0.28 0.03 0.028 0.082 0.039

Peach tree
(Prunus
persica)

45.82 7.14 0.45 0.02 0.005 0.233 0.096

Nectarine
tree (Prunus
persica var.
nucipersica)

45.82 7.14 0.45 0.02 0.005 0.274 0.015

Loquat tree
(Eriobotrya
japonica)

45.06 7.01 1.31 0.05 0.005 0.219 0.130

Table 7. Bulk density and High Heating Value.

Fruit tree pruning Bulk density (% ar) HHV (kcal/kg)

Plum tree (Prunus domestica) 194.50 ± 30 4217

Peach tree (Prunus persica) 201.11 ± 30 4223

Nectarine tree (Prunus persica var. nucipersica) 231.02 ± 30 4260

Loquat tree (Eriobotrya japonica) 255.83 ± 30 4252

3.2 Drying Tests

Due to the similarity of characteristics between the different samples, it was decided
to carry out the drying tests (as well as the chipping tests) using only plum prunings.
The pruning of this fruit tree was considered to be the most representative, since there
are larger quantities available, as it is the most widespread crop of this type in the
Autonomous Community of Extremadura. In addition, it is the type of fruit tree that is
maintained in the area, as the other varieties are disappearing because the plum is a fruit
that is less dependent on seasonality, being more interesting to produce than the others.

Figure 1 shows themoisture ratio concerning drying time for each of the temperatures
and air flows studied.

As expected, drying of fruit tree pruning (FTP) is produced in a shorter period of time
the higher the temperature of the experiment is. For the same temperature, the drying
process is slower the lower the airflow is. In this way the highest speed in the decrease in
moisture ratio is achieved in the FTP9 test, obtaining the lowest value in the FTP1 test.

The values ofDeff andLN (Deff)are shown inTable 8.ComparingDeff values obtained
in this work with those suggested by other authors for other agricultural by-products
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Fig. 1. Moisture ratio MR vs drying time.

[20, 21], the olive mill by-products, for example, present values, in natural convection
at 40 °C, about 2.1·10−10 for olive pomace, about 1.1·10−10 for olive sludge and about
4.1·10−10 for olive mill wastewater [20, 21].

Table 8. Effective diffusivity and its LN.

Deff LN (Deff)

FTP1 2.82955E-09 −19.683149

FTP2 6.34411E-09 −18.87574

FTP3 5.71668E-09 −18.979878

FTP4 9.01462E-09 −18.524418

FTP5 6.23831E-09 −18.892556

FTP6 1.37035E-08 −18.105612

FTP7 4.85644E-09 −19.142959

FTP8 8.62744E-09 −18.568318

FTP9 1.8065E-08 −7.829288

The value of the slope of the line represented by LN (Deff) and 1/T (K−1) coincides
with the value of Ea/R. Thus, it is possible to obtain the values of the activation energy
of the byproduct studied. These values are shown in Table 9.

Ea values obtained by other authors for agricultural by-products are, in kJ/mol: olive
pomace 91.35 [20], olive sludge 14.04 [20], olivemill wastewater 77.15 [20] or vegetable
waste 19.82 [17], for example.
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Table 9. Activation energy (kJ/mol).

For 0.8 m/s For 1.2 m/s For 1.6 m/s

29.0250054 16.549017 13.4074732

3.3 Chipping Tests

Figure 2 shows the results for the different chipping operations carried out.

Fig. 2. Resulting product. Blade chipper (left), roller mill: minimum aperture (centre), maximum
aperture (right).

The chips resulting from the blade chipper have a smaller and more homogeneous
grain size than the others. It can be considered the sample that achieved the highest
quality considering its size and particle size distribution.

From the tests carried out with the roller mill, the particle size was approximately
the same in both cases, but with greater heterogeneity and a greater presence of large
particles in the test carried out with the maximum roller aperture. As the aperture was

Table 10. Results of the chipping tests.

Fruit tree
pruning

Average
power
output
(kW)

Testing
time (s)

Consumed
energy
(kWh)

Chipped
weight (kg)

Bulk
density
(kg/m3)

Efficiency
(kWh/kg)

Blade
chipper

1.778 366 0.181 10.750 198.8 0.017

Roller mill
(minimum
aperture)

0.724 770 0.155 5.308 233.47 0.029

Roller mill
(maximum
aperture)

0.623 642 0.121 5.110 175.33 0.024
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so large, on numerous occasions, the prunings passed through the rollers without the
rollers exerting any action against the branches.

Table 10 shows the results of the chipping tests.
The most relevant result is that the highest efficiency is achieved with the roller

mill (minimum aperture) with a value of 0.029 kWh/kg, almost double the efficiency
obtained by the blade chipper.

Figure 3 shows the instantaneous power values over the elapsed time of each test. It
can be seen that the values of the two roller mill tests are practically the same, while the
blade chipper values are much higher.

Fig. 3. Instantaneous power values from chipping tests.

It is difficult to compare the chipping results of such small electric chippers as they
are not found in the literature. On the other hand, there are studies on the chipping of
small Power-Take-Off driven chippers [22].

4 Conclusions

Fruit tree prunings can be used as biofuel in medium-sized domestic heating equipment.
The ash percentage is somewhat high for use in smaller equipment. However, they have
optimal thermal properties, like HHV.

In order to be used in domestic thermal equipment, it is necessary to undergo a series
of pre-treatments, mainly drying and chipping.

Given the results obtained in tests of drying, from the point of view of heat utilization,
the drying could be a solution for further use as a biofuel.

The most efficient chipping test of those carried out in this study was achieved with
the blade chipper. The chipping of prunings improves logistics and adds value to the
waste to be used as biofuel.
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Abstract. Consumers are increasingly accepting of items based on a sustain-
able design or project; as a result, corporations should consider these several
characteristics while developing new products.

In this work we intend to analyse the environmental impact of the production
and manufacturing from the conception and design stage, up to the disassembly of
the products, using software and simulation routines dedicated to the assessment of
the environmental impact of the materials, production, distribution and end-of-life
strategies using the SOLIDWORKS Sustainability.

The work is divided into several parts: definition of sustainability in the
development of products; legal proceeding; environmental impact analysis studies
throughout the life cycle assessment (LCA)of a product; case studyof a plastic cup.
The environmental impact of materials will be studied from the stage of obtaining
raw materials, through transport, production, use and disposal (or restart as a new
product) supported by the concept of circular economy.

Finally, simulations of production process variables will be carried out to
minimize the environmental impact, reduce waste and energy, which will have
multiple beneficial implications for the industry.

Keywords: Design for disassembly · Topology optimization · Simulations ·
LCA · Circular economy

1 Introduction

Consumers are becoming increasingly concerned about the environmental impact of the
products they purchase, and companies are being held liable for these consequences.

On the other side, it’s clear that developing and producing “environmentally friendly”
products must be a global concern. As well as achieving sustainability, for the entire
economic and productive systems (and environment at a global scale). In addition, the
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three principles of circular economy should be used: waste and pollution should be
eliminated; ccirculations of products and materials (at their highest value); regeneration
of nature/ biological cycle [1].

1.1 A Sustainable Design

The concept of “Sustainable Design” has been brought into the spotlight to the point
where it must be considered when developing new goods and concepts. However, it
is often difficult to truly describe this concept, as there are numerous elements that
must be considered. Using SOLIDWORKS Sustainability, a software capable of doing
product lifetime analysis, it’s possible to estimate the weight of a part or assembly on
the environment, in the project phase before its production.

Having the ability to access insights on the environmental impact and studying
multiple alternatives in this early phase is extremely interesting. It allows companies to
make informed decisions about the chosen materials or what productive process to adopt
before the production starts.

Accordingly, to a 2018 study by Nielsen, named Sustainable Shoppers, approxi-
mately three quarters of the youngsters, referred to as Millennials and Gen Z, would
be willing to pay more for items and services if they addressed these environmental
concerns [2].

1.2 Technologies and Topology Analysis

Althoughwe all have a sense for what “sustainability” is, it can be quite difficult to define
it. The World Commission on Environment and Development, known as the Brundtland
Commission, created one of the best-known and often used definitions: - Sustainable
development is development that meets the needs of the present without compromising
the ability of future generations to meet their own needs [3].

The major issue is that the entire production and economics systems have evolved in
such a way that their methods of operation degrade the environment and tend to continue
to grow indefinitely.

We can see sustainability as the balance between the natural world and human con-
struction. This interaction has three components: environmental, social and economic.
Sustainability is represented as the intersection of the three domains, reflecting the hier-
archy between them, where: a healthy economy, depends on a healthy society, and both
depend on a healthy environment [4].

It’s worth noting that the notion of “sustainable design” refers to the intelligent
application of sustainability concepts to engineering and design in general. There are a
series of topics associated to sustainable design that should be taken into consideration
for a future analysis of the environmental impact of the products. Such as:

– Design for disassembly is a design approach that enables the easy recycling of parts,
components, and materials from products at the end of their life [5].

– Product stewardship is based on the principle that all those involved in the lifecycle of a
product should share responsibility for reducing its environmental impact. Therefore,
setting up an effective waste-reduction system and practice [6].
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– Cradle to cradle, because product lifecycles should be viewed as cradle to cradle,
rather than cradle to grave, to be sustainable. All the elements of a product that has
reached the end of its useful life should be designed to go somewhere where it can
serve as the input to another system [7].

– Green marketing, is the practice of promoting environmentally sustainable products.
Now, some of these products have led to the emergence of very strict guidelines issued
by various committees on how to be a “green/sustainable” product.

In order to make changes to products and their productive processes, it is much easier
to do so early in the process, before the production phase. It is usually needed some soft-
ware, namelyLifeCycleAssessment (LCA) software and according to ISO14040/14044
a method for calculating the environmental impact of a product over its entire life cycle,
since the acquisition of raw materials, production, distribution, utilization, end of life
and recycling (see Fig. 1).

Fig. 1. Life cycle of a product

This type of software relies on a database with all the material, production processes,
means of transportation and their impacts, as well as the end of life of the products
information. The accuracy of these analysis depends greatly on this database, that should
be constantly updated. The interpretation of the results of these studies must be done
in a clear, quantifiable, and verifiable way, according to standard ISO 14044, which
makes sure the results are analyzed and conclusions are met. In the end, there should be
recommendations reported in a clear and transparent manner. These results must also
be easily presented, in a way that is understandable, complete and consistent with the
actual LCA results.

In a study conducted a few years ago, in 65 companies that employed LCA soft-
ware, the most applied tools were: 58% used GaBi (Sphera), 31% utilized SimaPro (Pré
Consultants) and 11% employed TEAM (Ecobilan) [8]. It is also important to take into
consideration that a product design should also consider an easy disassembly process.
Therefore, less effort and energy are spent when it comes to recycling or reusing it. This
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was not accounted in this study, but it should be taken into account in the development
stage of the product.

2 Methodology and Results

2.1 Main Methodologic Steps

In this research, the component to be designed was developed from several simulations
supported by the SOLIDWORKS Sustainability, which is a LCA software, totally inte-
grated with SOLIDWORKS CAD. It provides a result for the environmental impact in
real time, as the products are developed and designed by the designers. Its use is very
simple, with an intuitive interface, and its results are derived from the inputs given by
the designer and the geometry of the product.

It uses a GaBi database developed by PE-International, in Stuttgart, Germany.
The Solidworks Sustainability should be used as a dashboard for the environmental

impact of the designs, giving immediate feedback on the choices and changes made
by the designers. Although it can be seen as a simple LCA software, it uses a very
comprehensive database that runs a serious of complex analysis in the background, and
it’s the same database used by some more “advanced” LCA software in the market.

There are 4 metrics used by SOLIDWORKS Sustainability to measure the environ-
mental impact of the products: non-renewable lifecycle energy demand, carbon footprint,
air acidification and water eutrophication (see Fig. 2), [9–11].

In this case study, it will be analyzed the environmental impact of the life cycle of
two scenarios:

– 1st it will be used a PET polymer cup material, with 460 ml in volume. The differ-
ences in several aspects of its lifecyle will be analyzed such as the material, place of
production, place of utilization, mean of transport and end of life parameters.

– 2nd it will be used a PS polymer cup material, that is a versatile synthetic organic
polymer.

It should be noted that by material it is defined a substance (in solid state but other
condensed phases can be included) to be used for certain applications. Nowadays there
are a lot of materials available for multiple applications. The main classes of materials
are metals, semiconductors, ceramics and polymers. New and advanced materials that
are being developed and include nanomaterials, biomaterials and energy materials. The
complex combination of these produce the performance of a material in a specific appli-
cation. Awide variety of features impacts thematerial performance, from the constituent
chemical elements, it’smicrostructure, andmacroscopic features to processing. Together
with the laws of thermodynamics and kinetics materials scientists aim to understand and
improve materials. The polymer PET is a relatively high-density polyester made from
an amorphous or semi-crystalline thermoplastic. It has transparency but low mechanical
properties such as tensile strength as well as substantially low slip features [12, 13].

These four parameters are precisely the ones that must be defined in a LCA study
in SOLIDWORKS Sustainability. The material can be defined in the CAD design itself
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Fig. 2. Four metrics used by SOLIDWORKS Sustainability

and then read by the study; the place of manufacturing and the process parameters must
also be defined such as Injection Molded, Extrusion, Custom or None.

– The attribution of the place of use of the product is also important, mostly because
of the distance the products must travel between manufacturing and usage, but also
because it defines the end-of-life parameters of the product. For example, in some
places of the world most of the products are recycled but in other areas they get
incinerated.

– The mean of transportation must also be defined as varied transports have different
impacts such as a train, trucks, boats and planes.

– The last parameter is the end of life, which is defined by the place of usage, but its
parameters can be customized by the designer.

Next two scenarios are simulated related to the material typology of a product are
presented: PET and PS polymer cup (see Figs. 3 and 4) with some results from the
simulations performed.

For the initial study, the cup is made of PET plastic, produced in Asia by injection
mold, used in Europe and the transport is done by sea, with the end-of-life parameters
suggested by the software.

With this first set of parameters, we can conclude that the values for each metric are:
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Fig. 3. PET cup Fig. 4. PS cup

• Carbon footprint: 0.091 kg CO2e
• Energy consumed: 1.6 MJ
• Air acidification: 5.8e-4 kg SO2e
• Water eutrophication: 3.9e-5 kg PO4e

In the next step, we will change the parameters and see the impact of the changes.
The changes that will be done are:

– Modifying the material to one that has smaller environmental impact (for example,
PS). SOLIDWORKS Sustainability is extremely helpful in this regard, as it suggests
alternative materials that meet a set of criteria set by the designer. The substance
might alternatively be changed to a paper-like material, but the goal is to keep the
manufacturing procedure the same. This modification, using PS, allows a decrease in
density of ~24% and a reduction in thermal conductivity of ~3.8%.

– Bringing the manufacturing location closer to the usage location, hence reducing the
distance between the two. The mode of transport shifts as well, from boat to truck.

– Altering the geometry while retaining the cup’s internal volume by employing a wider
but shorter cup.

2.2 Results and Discussion

After material change, the carbon footprint was reduced by 32% in the carbon foot-
print, 28% in the energy consumption, 24% in the air acidification and 20% in water
eutrophication.

Bringing themanufacturing location closer to the usage location, we get a decrease of
19% in the carbon footprint, 0% in the energy consumption, 64% in the air acidification
and 36% in water eutrophication.



Design Sustainable Products in a Circular Economy Context 183

It’s interesting to verify that there is a decrease in the carbon footprint, even though
the material and manufacturing method were not altered. This is related to the change
of the “internal” database parameters that “know” that the manufacturing methods in
Europe are different than the ones used in Asia.

Another interesting point is that the transportation weight in the carbon footprint
metric increased, even if the distance decreased from 16093 km to 1931 km; this is due
to the change of the mean of transportation, from boat to truck, which shows that it is not
that linear that the decrease in distance really decreases every aspect of the environmental
impact. Changing the geometry showed an overall decrease of ~4% in all metrics.

Discussing these general results, it can be stated that all changes have an environmen-
tal impact on cup production: changing thematerial fromPET toPShad an overall impact
of 20–30% in all metrics; having a local supplier also helps decreasing the environmental
impact, but the means of transport used should also be taken into account; although the
change in geometry did not have a significant impact, it may be a very important point
overall, because it allows all logistics to be modified, items to be packaged in a different
way, possibly lowering overall package volume, allowing new packaging solutions, and
so on.

Finally, it should be noted that PS easily mixes with polyolefins but is a contaminant
and cannot be processed with them. On the other hand, PET, which also cannot be
processed together with other materials. To be reused in the same application, it goes
through a very expensive process with high energy consumption, it goes through an
intermediate extrusion and crystallization process. Therefore, in the comparison, this
issue may have been considered or not, associated with PS there is drying and associated
with PET there is crystallization, imagining that we have the manufacturing company
at the door of two petrochemical companies, one produces PET and the other produces
PS, the costs processing of PET will undoubtedly be superior.

It is also important tomention that in the recycling ofmaterials, it is already necessary
to consider, not only the physical recycling, more conventional, which is nothing more
than the change of shape, but also the chemical recycling,which is transforming polymers
into monomers and these again in polymers, to achieve a truly circular economy.

3 Conclusions

As a conclusion, the initial results were compared with the final ones, and a decrease
in all metrics were obtained: 1) 49% decrease in the carbon footprint, from 0.091 to
0.047 kg CO2e; 2) 32% decrease in the energy consumption, from 1.6 to 1.1 MJ; 3) 75%
decrease in air acidification, from 5.8e−4 to 1.5e−4 kg SO2e; 4) 54% decrease in water
eutrophication, from 3.9e−5 to 1.8e−5 kg PO4e.

This represents a great improvement in the environmental impact, although “in
real life”, most of the times is not that simple to accomplish all this changes to a
project/product. Also, the financial impact was not taken into account, yet in a real-life
situation, this is quite essential.

This software relies on the input of parameters for many metrics, however getting
the exact values for each parameter might be difficult in many circumstances. There are
more complicated LCA studies, including ones that use real, measurable data, but they
are much more expensive and time demanding.
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This type of research is becomingmore relevant as themarket becomesmore involved
in environmental issues and concerns, yet somehow the circular economy concept’s
application should be a component in reducing these negative factors. In a general
sense, we can conclude that there are several key parameters to be given due regard
as the development of products happen: 1) The material used, which must meet the
project requirements, such as physical rigidity or intended aesthetics, while maintaining
an acceptable cost and minimal impacts; 2) Getting a local provider and reducing the
amount of material needed for the product, maximizing the percentage of material that
comes from a recycled source and using material that can also be recycled or reused.
Changing the geometry decreasing the amount of material needed and even helping with
the logistics part of the entire process; 3) In companies, the option to manufacture in an
environmentally friendly manner has the potential to provide a financial benefit, as the
choice of the best material or production technique can also impact this aspect.
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Abstract. In this paper the design of a Sustainability Plan for the Salve brewery
is modelled. To support transition for decarbonization of the company ensuring
a triple zero production (energy, waste, and transport), the critical points during
the production process have been identified from a SWOT analysis. Using the
CLEWs tools (through the OSeMOSYS software), five scenarios are designed
and evaluated according to the company energetic needs. Both historical set of
real consumption data of the company, as well as the growth expectations raised
by the owners have served as the basis for the work. To simplify the decision
making to the company, both investment and total associated costs as well as
the corresponding CO2 emissions has been estimated in the period 2023–2030.
As main results, an energetic scenario including the use of bagasse waste, the
implementation of photovoltaic solar energy and avoiding the fossil fuels, allows
to achieve the planned objective with an economic contribution assumable by the
company. In addition, several potential business niches associatedwith the circular
economy have been identified.

Keywords: Sustainable energetic transition · CLEWs · Circular economy ·
Brewery

1 Introduction

La Salve is a traditional historical brewery, created in 1886 in Bilbao (Euskadi Region,
Spain). The brewery, maintaining the philosophy from its origins, is committed to gener-
ating local value andwealth in the environment. For this reason, it is currently a company
that is constantly searching for innovation and sustainable development. In this paper
the design of a Sustainability Plan for the company to reach the expectations of a com-
plete production’s decarbonization (Triple Zero Philosophy Beer) across a sustainable
transition is presented.

To identify themain sources of unsustainability, a SWOTmatrix, in terms of Lifetime
Analysis (LCA), has been performed [1]. The extended LCA indicators are considered as
the adequate unbiased estimators to evaluate the economic, energetic, and environmental
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sustainability of any product/process/initiative. Following a “cradle to cradle” scheme,
the raw materials, the production beer process, the packaging, the associated waste, and
the distribution process as well as their environmental impact contribution are clarified.

One of the processes identified as a threat is the energy consumption associated with
both production and transport for distribution. However, it can also be considered as
an opportunity, if an environmentally friendly energetic system is designed. Because
La Salve is mostly a local company, distribution constitutes a small percentage of the
overall energetic needs being the most consuming both electric and heating components.
The heating demand is linked to the production, fermentation and washing processes.

Given the economic implications and logistics that have arisen, the task of modeling
suitable scenarios towards Zero Energy Production is not easy, particularly for a highly
productive and constantly developing company like La Salve. The company’s expecta-
tions are to have enough information to make informed decisions having knowledge of
the effects of any initiative in the medium to long term previously to its implementation.

These concerns are common to the entire business fabric. In the current nexus frame-
works for sustainable development, tools are being developed to fulfill the explained
request. Among them, OSeMOSYS [2, 3], an open-source tool that allows predictive
modeling of economic optimization of any energy scenario. OSeMOSYS can be freely
applied according to the user’s needs and allows to evaluate a set of scenarios of its
MoManI interface [4].

This work is focused on the feasibility study and economic optimization of a
series of possible energy transition initiatives that allow decarbonizing (Triple Zero)
the production processes of the La Salve brewery using the OSeMOSYS tool.

2 La Salve Brewery

TheBrewery of La Salve is in Bilbao (42.5º N latitude), with amoderateAtlantic climate.
It occupies 628.61 m2 in surface. In the subsoil is located a tank of homogenization of
wastewater.

Figure 1 shows an outline of the processes associated with the beer production
process. The company has provided data on raw materials, process and energies used
during the production of beer, as well as modes of transport and distances along the
supply chain.

Raw Materials. The raw materials mainly used are malt, hops, yeast, water, and some
additives. The company purchases within the nearby markets the malt, which is the main
beer component [5]. In addition, the brewery is involved in an innovative project that
promotes the local hops production [5]. As for the yeast, up to 80% is reused.

With respect to the water needs, the plant is supplied with water from the network,
since the quality is adequate for the beer production [1].

Packaging. The most common packaging are barrels and glass bottles. Currently, the
brewery is evaluating various options for reducing the footprint associated with this
process, which is undoubtedly one of the most demanding in economic, energetic, and
environmental terms [1]. In particular, the barrels with less impact of the market are used
[6]. Bottles with 48% recycled glass [7] are being used nowadays.
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Fig. 1. Beer production scheme in La Salve

Energetic Consumption. The brewery is supplied by the national electricity grid, with
a contracted consumption of 70 kW and an average annual consumption of 90 MWh.
Concerning the thermal demand, the factory is supplied by 200 kg/h generated by a
steam boiler powered by diesel as natural gas is not available in the region.

3 Methodology

The economic viability of different scenarios is evaluated using OSeMOSYS [2, 3]
(Open-source Energy Modeling System) and its MoManI interface [4].

The brewery total decarbonization is performed through a linear optimization consid-
ering the energetic mix. As results are discussed: i) the new installed energetic capacities
per technology; ii) the economic global cost and iii) associated emissions. Several sce-
narios, attending to the SWOT matrix internally developed by the company [1, 8] are
defined and evaluated. The time interval defined for the study goes from 2022 to 2030.
Data prior to 2022 are considered for validation. As working hypothesis, following the
actual Spanish regulations no taxes associated to the pollutant emissions are included.

4 Evaluation of Scenarios for Sustainable Transition

As explained before, the energy requirements to be met are twofold: electricity and
hot water (2095 kl/year). Among the possible initiatives towards sustainability, differ-
ent scenarios are proposed: those dedicated to the search for biofuels to replace fossil
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fuel, the ones obtaining of electricity from renewable energy sources and finally mixed
solutions that encompass the problem in a global way. Finally, scenarios focused on full
decarbonization will be evaluated. To model the scenarios, all the parameters, includ-
ing technical and economical, are identified. la salve power system has been modeled
using OSeMOSYS. To validate the model, the available data prior to 2020 have been
considered. consequently, the improvement actions will be applied from 2023.

4.1 La SAlve’s Current Situation: Business as Usual (BAU))

The BAU scenario is defined as a frozen version of the energetic system. The long-term
evaluation of BAU allows the evaluation of the non-insertion of new initiatives into the
nexus energetic mix. Table 1 shows the overall energetics needs. To adapt the system
during the study period, an annual increasing rate of 3% is considered to the electric
cost.

Table 1. Current energetic (thermal and electric) La Salve´s consumption. Types, demands, and
costs. [8, 9]

Electricity Gasoil Water

Contracted
power

50 kW Calorific value 43100 kJ/kg Consumption 2095 kL/year

Cost
increase

3% per year Consumption 14440 kg/year Fuel cost 5.4 e/kL

Fuel cost 164.17
e/MWh

Fuel cost 0.8235 e/kg Boiler

Emissions 0.18
tCO2/MWh

Emissions 0.0033
tCO2/kg

Capacity 0.056 kg/s

4.2 Evaluation of Sustainable Thermal Scenario (SUSTHE)

To face an agenda towards decarbonization, the challenge is to reduce and/or avoid the
use of polluting fuels. In that sense, scenarios based on the replacement of the gasoil used
as fuel byLaSalve to heatwater,withmore sustainable ones indeed, exist several options:
from green electricity, geothermal, or wood combustion (chips or pellets). Considering
the wood combustible solution, exists an oil boiler that can be adapted for wood-pellet
burning with the same operational useful lifetime.

In addition, this solution is favored by allowing the reuse of the company’s main
waste: The bagasse produced during the malt cooking process, which can be pelletized.
A dedicated study shows a promising calorific potential [1].
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Table 2. Types, demands, and costs of the technologies included in the scenario. [1, 8, 10–12]

Bagasse Pellet Pelletizer Boiler Adapter

Fuel cost 0 0.0052 e/kg Capacity 0.28 kg/s

Calorific value 12131 kJ/kg 1882.8 kJ/kg Inversion Cost 22,000 e 20,000 e

Disponibility 55360 kg/year Neccesary Fuel Cost 0.018 e/kg

A first rough calculation shows that the current production of bagasse will be insuffi-
cient to cover the total calorific needs. However, since this type ofwaste can be pelletized,
unmet needs can be covered by standard pellets, from the local productionwhen possible.

Resuming, the proposed scenario will be allowing the replacement of the fossil
fuel (BAU) with pellets, both own and nearby purchased. For this, two investments are
envisaged: the adaptation of the boiler and, for the reuse of bagasse, a pelletizer machine.
The specific database used is included on Table 2.

The SUSTHE scenario has been evaluated using OSeMOSYSmodeling tool. As can
be seen in Fig. 2 (a), the elimination of gasoil as a fuel in favor of the pellet constitutes
the economically optimal solution despite the costs associated with the adaptation of the
boiler and the pelletizer.

Figure 2. (b) shows the total costs, including initial investments, the price of fuels
(gasoil, the electrical cost of the pelletizer bagasse or external pellets), as well as main-
tenance. The important initial investment associated to this scenario during the first two
years is recovered with the lower price of the pellet respect to gasoil.

Fig. 2. On the left (a) Annual fuel consumption. On the right (b) Expected total cost along the
evaluation period. The slight cost after 2024 in bagasse corresponds with associated electric
variable costs of the pelletizer.
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As a final remark, the associated CO2 emissions strongly decreases with respect to
the BAU. This is because the pelletized material coming either forest residues or the
bagasse residues themselves, have zero emission associated.

4.3 Evaluation of Sustainable Electric Scenarios (SUSELE)

Within the framework of the sustainable transition process, the need to advance in a
process of energy independence, the so-called “Zero energy” is imposed. The cur-
rent configuration of the Spanish electricity system favors the implementation of local
electricity production systems grid-connected working in “Net Balance” regime.

In addition, the so-called “after counter” accumulation systems are currently begin-
ning to be popularized. This type of system favors a stable and controlled injection to
the electric grid while economically benefiting the producer.

Table 3. Types, demands, and costs of the Solar Photovoltaic and accumulation technologies. [3,
8, 14–16]

SOLAR (panels) Batteries (storage)

Maintenance cost 100.72 e/MWh –

Inversion cost 3284.17 e/MWh disminution 2% per year 53960–99920 e/MWh

Operational life 12 years 6 years

To study the economic viability of the proposal, a specific scenario has been designed
and evaluated using the OSeMOSYS tool. Technically, the simplest solution is the
implementation of a photovoltaic solar energy roof-plant, eventually associated to an
accumulation system. Moreover, to favor circular economy processes, second-life ion-
lithium batteries (coming from electric cars) are proposed as storage system. So, as
working hypothesis, to the BAU scenario constrains, the opportunity of including both
PV systems and/or storage system is included. The specific database used is included
on Table 3.

As shown in Fig. 3, a gradual implementation of PV technology grid connected
constitutes the most competitive option at economical level. In fact, because of the
modularity of PV installations, the high associated initial investment can also be gradual
which facilitates the economic logistics of a small company such as Salve. The proposed
installed capacity from 50.2 kWp in 2023 to 74.5 kWp in 3030, being able to satisfy
73% of the total electric demand.

The actual price of the second-life ion-Lithium batteries inhibit its contribution to an
optimal electric mix of La Salve. A future price drop [16] would induce a reconsideration
of the scenario.
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Fig. 3. On the left (a) Yearly electric production by technology. On the right (b) Total cost.

4.4 Global Zero Energy Scenario (ZERO)

In accordance with La Salve’s medium-term expectations, the objective is to achieve a
zero global energy system (both thermal and electric). To assess both economic viability
and estimated investment, a new scenario has been constructed that combines the above
scenarios (BAU, SUSTHE, SUSELE).

Fig. 4. On the left (a) Annual energetic production by technology. On the right (b) the CO2
associated emissions.

As a conclusion, while external dependence has sharply decreased, a complete ZERO
energy scenario is not economically competitive, being necessary a small dependence on
external electrical grid. This is due to both the seasonal instability of the solar resource
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and the still high price of accumulation systems. The emissions associated with this
scenario (Fig. 4 (b)), show a remarkable decrease, associated with the elimination of
fossil fuels in the heating processes, being the remaining emissions legated to the one
associated to the electrical network (8% from the BAU scenario).

4.5 Triple ZERO Scenario (ZERO_TRP)

Based on the previous scenarios, a last alternative is proposed, undoubtedly much more
ambitious: to convert La Salve´s beer into a product of the so-called Triple Zero, that
is zero energy, zero waste, zero emissions. It has been seen how the SUSTHE sce-
nario promotes zero waste by using organic waste as biofuel. From the ZERO energy
scenario, it has managed to strongly reduce external energetic dependence, even if a
small dependence on the electrical grid and its corresponding associated CO2 emissions
remains.

To fulfill the Triple Zero expectative, a new scenario is defined. As new constrain,
a linear decrease of the emissions fulfilling the objective of zero emissions for 2030 is
applied as work hypothesis. In addition, there is in Spain several electrical companies
that offer the possibility of consuming exclusively “green energies” from the network.

This possibility has been contemplated as an added component. This type of energy
tariff is around 20% more expensive, although the entry into the market of CO2 car-
bon credits can be contemplated. The possibility of including “second life” batteries as
energetic source is always open.

Fig. 5. Annual electric production by technology as well as the thermal fuel consumption.

As main remark, Fig. 5 shows how the “green energy” electric network appears,
whereas the current second-life batteries inhibit their use. The implementation costs are
like the ZERO scenario.
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4.6 Scenarios Comparison for Decision Making

Once the different scenarios have been evaluated, in this section a comparative study is
proposed, in both economic and environmental terms to facilitate the company´s decision
making,

Figure 6 (a) shows the total costs associated with each scenario in the interval under
study (2023–2030). New Investment, fuel (either electric or thermal), and maintenance
costs are separately evaluated. As can be seen, the ZERO and ZERO_TRP scenarios
appear as the most promising. Although they entail heavy initial investments, (close to
100.000 euros) both maintenance and fuel costs make them hardly competitive. The
estimated overall saving with respect to BAU is near to 12%.

Fig. 6. On the left (a) Total costs, in ke. On the right (b) Total emissions for each scenario between
2023 and 2030.

Finally, in Fig. 6 (b) the emissions associated with the different scenarios are charac-
terized. As can be seen, the SUSTHE scenario appears as the onewith the greatest impact
facing the decarbonization goal. The ZERO scenario is even stricter since, the imple-
mentation of solar panels, decreases the emissions associated to actual electrical grid.
As expected, ZERO_TRP scenario, fully achieve expectations of quasi-ZERO energy
dependence and ZERO emissions.

5 Conclusions

The design of a roadmap towards the decarbonization of the brewery La Salve is pre-
sented. The final objective is an economic feasibility study of different action scenarios
that allows the manufacture of Triple Zero Beer (energy, waste, emissions). For this,
both the detailed data of the company and the corresponding SWOT analysis have been
analyzed. From there, the design of a roadmap for sustainable energy transition is iden-
tified as a crucial point of the process. Through the OSeMOSYS software, five scenarios
are designed and evaluated according to the company energetic needs. To simplify the
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decision making to the company, both investment and total associated costs as well as
the corresponding CO2 emissions has been estimated in the period 2023–2030.

As main results, the Triple Zero Beer Scenario (ZERO_TRP) appears as not only
possible but themost promising: the zero CO2 emission can be achieved by 2030, mainly
because the use of fossil fuels is avoided.

Although they entail heavy initial investments, (close to 100.000 euros) both mainte-
nance and fuel costs make them hardly competitive. The quasi-ZERO external energetic
dependence is accomplished. The 5% of grid-energy production remaining is associ-
ated to energetic green sources. The estimated overall saving with respect to the actual
working regime is near to 12%.
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Abstract. The Sustainable Food Production and Consumption Working Group
of the Sustainable Campus Network (RCS) participated, in 2020/21, in a survey
of Higher Education Institutions (HEIs) in Portugal. One of the sections of this
survey aimed to better understand what is happening in HEIs in terms of the food
service sustainability.

Food Production and Consumption is a critical theme for sustainability and
has a very high importance within the scope of actions and interventions of HEIs
in the society. Training, research, internal practices, and partnerships are easily
identified as ways for HEIs to impact society. The work presented here focuses
on the results obtained from the survey in terms of existing partnerships and
connections within the community.

The survey was answered by 30 HEIs, comprehending Public and Private
Universities, Polytechnic Institutes and Non-Integrated Schools. In the set of
responses, 24 HEIs (80%) responded positively to the question: “Does the HEI
have initiatives for the promotion of sustainable food consumption?”. One of the
survey goals’ was to analyse the HEIs “connection to the Community”.

The results show us that there are few references to the relationship regarding
the supply chain, namely, on producers and HEI’s. However, references to the tra-
ditional HEIs’ partnerships are frequent namely functional research and teaching
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partners amongst other scientific areas, active networks, internships, and confer-
ences. A good practice is the brand-new network regarding partnerships focused
on the reduction of food waste and evolving academic community.

The results suggest thatmainly all theHEIs lack a systemic strategy of building
bridges with the community, as a two-way avenue to achieve sustainability.

Keywords: Sustainable food production · Sustainable food consumption ·
Higher education institutions · Survey · Partnerships

1 Introduction

It is widely recognized that food production and consumption is one of the domains
responsible for the largest share of environmental impact, such as Greenhouse Gases
(GHG) emissions, water pollution and loss of biodiversity that will increase the global
population crisis [1]. Thus, the importance that the food system has in the society,
makes it a very critical issue and an opportunity to achieve sustainability, in all of four
dimensions, human, social, environment and economic.

The challenge of ensuring the satisfaction of the human needs for food in conditions
of sustainability on Earth cannot fail to be a topic at the higher education institutions.
Each HEI can inspire its academic community and society in general, with its knowl-
edge and new solutions achieved through training, research, and partnerships. HEIs can
undoubtedly evolve themselves because it is their mission to train, research and inno-
vate, but also because they ensure the provision of a wide number of meals to the extent
academic community. To the purpose of supplying the food services HEIs establish rela-
tionships with the internal and external community but also partnerships. The present
study aims to understand if the relationship with the community and partnerships by
Portuguese HEIs are sustainability oriented.

In 2020/21, theSustainableCampusNetwork (RedeCampusSustentável -RCS), led a
survey on Sustainability in the Higher Education in Portugal. The questionnaire was sent
to all HEIs inquiring on several aspects regarding the sustainability implementation at
each Institution. One of the topics covered was the “Food Production and Consumption”.
The questions were designed by the Sustainable Food Production and Consumption
Working Group (GT-PCAS) from the RCS. The aim of this survey was, in addition
to carry out a first diagnosis of the HEIs, the gathering of initiatives, best practices,
instruments used, obstacles encountered and facilitating elements, whichmay inspire the
path towards sustainability specifically concerning the food area [2]. The data presented
in this paper specifically refer to the relationship with communities and partnerships, or
in other words “linkages to the community”.

2 Literature Review

2.1 Food: The Portuguese Reality

Portugal is a country characterised by a Mediterranean Diet, but it is shifting towards
an “occidentalised” diet, where large quantities of animal-based proteins are consumed
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[3]. National studies show that the Portuguese are consuming more than three times the
amount of meat, seafood and eggs recommended in the National Food Wheel and 33%
more dairy, whereas fruits and vegetables are well below the recommended values [4].
Environmental problems such as the Global Warming Potential of the food chain shows
that Portugal has the largest contribution value - 1460 kg CO2 eq./(cap.year), whereas
the average EU diet shows to contribute with 1070 kg CO2 eq./(cap.year) [5]. Food
waste is also a severe issue in Portugal, representing 17% of the total food produced for
human consumption in the country [6]. Portugal’s ecological footprint is almost three
times higher than its biocapacity (3.69 gha/cap vs. 1.28 gha/cap) and food consumption
has a contribution of 30% to the ecological footprint [7]. In overall, a lot needs to be
done to promote national sustainable food consumption practices and HEIs can play a
leading role.

Nowadays, Portuguese dietary habits are also one of the main causes of health prob-
lems. Since 2017, the Portuguese Nutrition Association (APN) has been developing the
“Food Sustainability Program” which aims to increase food literacy, particularly among
school-age young people, while raising awareness of the relationship between food and
sustainability [8]. But, in general, food literacy is presented as a mainly informative and
health-oriented concept. The dissemination of the Mediterranean Diet assisted on pro-
viding the support for the raise of the awareness on healthy and more sustainable food
consumption patterns [8]. The importance of the use of the Mediterranean Diet for the
menu planning in school meals, is also recognised in The Guidelines on School Menus
and Canteens [9].

2.2 HEIs and Food Chain Sustainability

It is well known the contribution of food to “good” health. Less frequently looked at
is the relationship between food choices and the sustainability in all its dimensions.
This happens even though research studies have been showing that this association
should not be neglected. The large environmental impacts of the food chain, relies
strongly on the industrialised agriculture. Some aspects contributing to the environmental
burden are the intensive farming industry with the use of antibiotics, abuse of chemicals
and agricultural traditional practices that lead to soil erosion, intensive production of
fish and cattle with high methane and other emissions, food distribution based on long
circuits, disconnection to local ecological cycles as the seasonality of food and high
levels of waste. Simultaneously, the market is led by powerful economic groups that
don’t internalise the socio-ecological externalities and the distribution of income is often
unfair.

The challenge to promote the transformation towards more sustainable practices in
the agri-food chain system, requires action by the whole society and its institutions. It
is proposed by The Eat-Lancet Commission’s report “Food in the Anthropocene” [10]
specific measures for the public sector, including schools and universities:

– Government leads the way and promotes what is meant to be “right type of food”.
– Empowering schools agents (professors, staff and students) to develop a curricula that
can lead to societal and cultural change relationship with food.
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HEIs have been addressing issues of sustainability for some decades. Several HEIs
sustainable development initiatives, related at the 14th European Roundtable on Sus-
tainable Production and Consumption (ERSCP) & 6th Environmental Management for
Sustainable Universities (EMSU) [11], have brought to light some issues on this topic.
One of the suggested initiatives were collaboration with other universities and stake-
holders, such as the public, governments, non-governmental organisations (NGOs) and
businesses, to seek collaboration, engagement, and outreach [11].

HEIs have the means to lead a path to establish a sustainable food chain system.
This can be done by cooperating among university in a multidisciplinary approach,
creating partnerships in various areas of knowledge and induce a strong relationship
with the community. Such actions may constitute the basis to provide the means to
change the agri-food system towards a more sustainable path. HEIs can, for instance,
suggest policies andmodels, indicators, new solutions, innovations, and platforms. HEIs
can lead by example because are also responsible for feeding millions of people daily.
The food service provision also results in a lot of food and packagingwaste. Some authors
mention that HEIs may act as “sustainability laboratories” and became leaderships to
the urgent need of changes [12].

2.3 The HEIs Role and the Importance for Partnerships

Universities, industry, and policy makers can strive together to incentivize these sys-
temic processes, through shared value and common purpose to ensure the persistence of
human and planetary health [13]. Some institutions are already taking the lead. There are
different HEIs’ action and roles concerning the strategy to networking and the engaging
of the community, as an essential key factor. There are a quite number of examples
worldwide.

A recent attempt to link environmental impact and food nutrient quality was
conducted by a larger research project with the participation of various university
departments in Sweden [14].

In United States, according to the work of Ringling & Marquart [13] concerning
the creation of a program for Sustainable Food Systems to develop diets that nurture
human health required multiple disciplinary actors. The University of Minnesota is
well-positioned to play a key role in developing models and frameworks supporting.
This integrative, systematic process can improve the efficacy of nutrition research by
intimately engaging across the supply chain, thus effectively translating research into
practical application [13].

2.4 Experiences About Sustainable Practices of Food Provisions in Schools

In this new paradigm, it is necessary to rethink how to involve the new partners and
new actors from the food chain system. Some examples integrating the network are
the producers/farmers, the retailers, the distributors, the marketing, the final consumers,
the food waste management agents from the HEIs’ canteens and existing bars. The
published experiences of new chains mainly refer to school canteens from non-higher
education institutions. The published experiences [15–17] analysed the supply to school
canteens and concluded that the main point of attention has been the acquisition of
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healthy foods, by considering their nutritional value. Delgado [18] reports the pilot
experience of supplying local organic food to the canteens of an elementary schools in
the Municipality of Torres Vedras and identifies the problem of insufficient supply of
products due to lack of availability of land to produce local and organic food. The project
reveals the importance of cooperation between schools and municipal departments and
between these and the local actors.

This experience follows the example of the projectUrbact_BioCanteens in theFrench
city of Mouans Sartoux. The three city school canteens (about 1,400 meals a day) are
supplied with 100% organic products, most of which are produced locally. In 2012, were
produced 15 tons that covered 50% of the supply and in 2015 it amounted to 85% of
the needs. In 2016, these players guaranteed 100% of the vegetables and fruit products
consumed in school canteens [19]. Similar examples can be found in public school’s
canteens in Portugal [20].

In Portugal, the HEIs and Research Centers establish partnerships and collaborate
with each other essentially for research projects and publications [21]. Partnerships with
the community are less frequently reported, due to that it is important to know how
the HEIs are facing this challenge, what are the new experiences, new practices, new
relationships with the internal and external community and new partnerships are being
established and conducted.

3 Methodology

The survey carried out to all PortugueseHEIs, aimed to better understandwhat is happen-
ing in HEIs in the food sector, to list good and inspiring practices and facilitating actors
to implement them. The survey was organized in complementary types of initiatives,
namely: i) Education, ii) Research, iii) Management, iv) Partnership and v) Others. The
present study is focused just on the answers integrated in the “partnership” thematic. The
survey questions were therefore designed to allow open answers describing initiatives,
with their own examples, as it is transcribed in the Table 1.

Table 1. Questions from the Survey on Sustainability in Higher Education in Portugal 2020,
section “Food Production and Consumption” related to Partnership & Community engagement.

Question: Does the HEI promote initiatives to promote sustainable food consumption?
Answers: a) No
                b) Yes, through the relation with the community (social actions for the 
 community, inside and outside the campus) 

The HEIs were asked to mention the main initiatives developed, the most relevant initiative, 
the main results, and the facilitating institutions that were involved in initiatives to promote 
sustainable food consumption. 

Finally, the HEIs were asked to specify the main obstacles founded in promoting sustainable 
food consumption.
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First, the results were clustered by a review analysis of the answers that in general
were endogenous and unique actions to each HEI. The clusters were organised by related
thematic and sub-thematic areas and divided in 2 categories: i) External and ii) Internal
community and partnerships engagement.

It was considered as “external community and partnerships” all the actors and agents
involved in the food system, namely, production and sustainable food consumption,
from: local producers, local government, social and non-governmental organizations,
education institutions and research project funding agencies. A similar definition was
applied to the “internal community and partnerships”, in this case, inter and intra-campus
research between organizational units, social welfare and other entities that provide
services that plays an important role in promoting networks that design and implement
different actions.

All answers were classified in the respective theme and sub-theme and then, count-
ing the total number of responses per theme, whenever possible. There is a subjective
component on this step because classification of statements into sub-themes was based
on content analysis, with semi-quantitative accounting, so the numerical values should
only be read as indicative values. The confidentiality was guaranteed by coding, although
some of the HEI reference their name in the answers. The websites and links provided
in the answers weren’t considered in the transcriptions.

4 Results

The survey was answered by 30 HEIs, Public and Private Universities, Polytechnic Insti-
tutes and non-integrated Schools. In the set of responses, 24 HEIs (80%) responded pos-
itively to “do you promote initiatives to promote sustainable food consumption?”. Each
of 24 HEI indicated the type in which it developed the initiatives, and the “Partnership &
Community engagement” obtained around 68% of affirmative answers.

In the partnership type of initiatives, 48 were considered external and 43 were
considered internal partnerships and community engagement.

4.1 External Community and Partnerships

Table 2 shows the 48 listed statements where the repeated ones were only counted in
the total number of statements, organized by sub-themes. The results show that external
partnerships occur between health, governmental, social, and environmental entities.
enterprises also appear with commercial projects and products. There are new partner-
ships dealing with foodwaste and bio-waste management.Mainly this links happens due
to students’ internships places. The local food production is one of the less frequencies’
answers.
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Table 2. 48 listed statements about external partnerships for sustainable food consumption
organised by sub-thematic and respective percentage.

Sub-thematic Statements %

Health, research, local and national
government entities, and organizations
supporting children and the elderly

Health entities: DGS General Health
Directorate; ARS Regional Health
Administration; Local Health Units
• Municipalities: CMLeiria, CM Funchal
and CM Porto and another not described.
Parish Council of Paranhos. Municipal
companies: Novo Verde, Porto Ambiente,
Lipor

• DGAV - General Directorate of Food and
Veterinary Medicine,

• Secretary of State for Food and
Agri-Food Research

• National Institute of Agricultural and
Veterinary Research

• Public Education Establishment and
Private Kindergarten Association,

• Elderly homes

37,5

Business Entities • Food industry, distribution and retail
companies: Nestlé, Continente, El Corte
Inglês; Nigel, GoNatural, Sustainmeals;
Calé, Receituaruim, Algaplus, Nautilus,
Emanha, Frubaça; Cup; APCER; 2Go
Out Consulting

• Entities hosting interns, campaign
development, food product innovation
and quality management -
implementation of the HACCP system

35,4

Associations: Public and Private Non-Governmental Organizations: Doca
Pescas; Lemon People Cooperative;
Refood; Caregivers Portugal; FAO Portugal;
AGAVI; Dariacordar Association; Food
Bank Against Hunger; Blue Flag
Association of Europe – ABAE

18,8

Local producers Organic local producers and short supply
chains

4,2

Project Financing Agencies FCT, H2020, ADI, PRIMA, ERA-Net
ARIMNet2

4,1

4.2 Internal Community and Partnerships

Table 3 shows the list of the 43 statements where the repeated ones were only counted in
the total number of statements, organized by sub-themes. The results shows that internal
partnerships occur mainly through research projects, with Social Action Services (SAS)
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and between different academic curricular courses. The less frequent answers are those
that evolve students, orHEI community. There are activities for the academic community,
but few are organized with the academic community.

Table 3. List of 43 statements about internal partnerships for sustainable food consumption
organised by sub-thematic and respective percentage.

Sub-thematic Statements %

Research projects, Inter-institutional,
national, and international cooperation

Network of Higher Education Institutions
to Safeguard the Mediterranean Diet;
College F3 – Food, Farming & Forestry;
AGRO Network - Interdisciplinary
Thematic Network for Agro-Food and
Forestry; 5 a Day Program - Integrates the
Alianza Internacional de Associaciones Y
Movimentos “5 al Día” (AIAM5); Healthy
Campus; National Observatory of Organic
Production; Colab4Food; COTHN;
CCPAM; MAFDR; GROW CROPS;
INOVIMIL; MobFood; Zero Waste
Project; Right Dose Project; city loops

39,5

Between SAS-social action services, with
schools and faculties, with research
centers, with nutrition courses

Partnership with schools, collaborative
networks; interdisciplinary research
institute, with schools and faculties, library;
students, nursing professionals; 3rd year
students of the Tourism and Hotel
Management course
Application for the Food Excellence Seal
(DGS) and implementation of operational
measures
Development of initiatives to encourage the
reduction of food waste, calling for
adequate consumption, monitoring of
waste and promoting measures to optimize
processes and resources. Awareness
campaigns through messages in the
canteen, in the media and on social
networks

25,6

Interdisciplinary Degree, schools and faculties of Nutrition
Sciences, other scientific areas and courses,
other schools and faculties, schools of
health, tourism, agriculture, science.
Involvement with curricular units for the
development of food icons

20,9

(continued)
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Table 3. (continued)

Sub-thematic Statements %

Project for the community Intra-campus: workshops, practical
training, community empowerment;
Promotion of the habit of eating breakfast;
Seal of Excellence for Sustainable Food,
Food waste, organic waste, and recycling
campaigns
Intra and extra campus: events: the
community is invited to participate, attend,
or also promote their products; Health and
Wellness Office and nutrition consultation

9,3

Student projects Old Fashioned Fruit; donation of clean
leftover food

4,7

5 Conclusions

The results show that:

– There were slightly more external partnerships and community engagement type of
initiatives than internal, regarding the number.

– there are few references to the relationships within the supply chain, namely to pro-
ducers, but no reference to traditional relationships nor to new partnerships. It appears
that the canteens food suppliers are not considered to be potential partnerships with
influence towards more sustainability practices.

– The main and traditional HEI’s partnerships are research and teaching partners
among other scientific areas, networks, internships, and scientific events. A brand-
new network of partnerships is focused on the reduction and/or management of food
waste.

– The internal academic community actions that evolve all, are scarce and are top-down
oriented.

– There were few initiatives with the students’ as stakeholders
– We also assume the need to connect local production with the food supply school
canteens needs is not yet explored.

We are led to conclude that the adoption of a new food cycle chains that could
catalyse sustainability food production and consumption action in HEIs appears to be
incipient.

This study is embraced by the GT_PCAS to be further developed in ongoing and
future actions. These results should be seen as a first analysis, as we know that it is still
possible to “widen” (there are more HEIs working on the topic) and “deepen” (the HEIs
that responded did not map everything they do).

Despite the recognized relevance, the legislation, and the official national strategies
to promote sustainable food production and consumption, this topic is not a daily reality
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practice, at HEIs. This restriction is highlighted by some HEIs, who claim that imple-
menting sustainable food production and consumption is a difficult challenge due to the
complexity of the actual and installed food system (production and distribution), food
costs, social culture, habits, traditions, available resources and the limitations to HEIs
actions posed by public procurement rules and laws. It is crucial to pursuit the goals,
through action-research to achieve cooperative solutions of the main causes of HEIs
food sustainability production and consumption claim.
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Abstract. Corn crop is one of the most important crops worldwide. However, the
management of the residue generated is not efficient enough, which diminishes
the competitiveness of this crop. An interesting option for the valorisation of these
waste is their thermal use. For the development of the present study, different types
of residue from corn crop were selected, depending on the proportion of corn
cob waste and stalk, which were collected from local crops in the southwest of
Spain. The objective of this research was to investigate the thermal characteristics
and thermochemical process kinetics of the corn crop residue. Non-isothermal
thermogravimetry technique was used at different heating rates of 10, 20 30 and
40 ºC/min under oxidative atmosphere. Regarding the heating rate on combustion
of corn crop residue it can be observed that ignition and final temperature increased
with increase in heating rate whereas the temperature at which the maximum
weight loss rate is observed remainsmore or less constant,with no significant effect
due to the heating rate. Concerning the activation energy, three isoconversional
methods have been used, Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose
(KAS) and Starink, resulting that in general the activation energy decreases as the
conversion takes place, indicating the presence of an exothermic reaction.

Keywords: Zea mays · Thermogravimetric analysis · Kinetic study

1 Introduction

At present, corn is one of the world’s main crops, together with other cereals such as
wheat and rice, and is an essential source of food for human beings. If we consider the
situation of corn crops in Spain, according to FAO, it is one of the ten most important
crops in this country [1].

After harvesting the corn grain, a waste called stover is produced, which consists of
a mixture of different parts of the corn plant, i.e., the stalk, the corn cob waste from the
dekernelled cob and the leaves, both from the stalk and those that envelop the cob itself.
Currently, this waste is left on the ground, being mechanically shredded to be mixed
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with the soil after harvesting. Occasionally, this residue is used to produce bales for use
in biomass power plants or for livestock purposes. In the past, in Spain, corn stover was
burnt in the fields, with the risk and environmental impact that this entailed. Fortunately,
this practice is in disuse [1].

In order to obtain a competitive improvement in corn crops, at the same time as
achieving a reduction in environmental impact, within the framework of a circular econ-
omy, it is interesting to study the recovery of thewaste generated, with one of the possible
applications of this waste being its energy use.

For the study of thermal processes and their possible energy use, thermogravimetric
analysis (TG) is a basic tool, as it allows the suitability of corn residue as biofuels to
be evaluated, as well as determining the thermal process with the best performance. For
this purpose, thermogravimetric analysis will be carried out at different heating rates,
in order to reach significant conclusions about the combustion process. On the other
hand, the kinetic reactions of the process will be modelled as a tool to obtain a complete
description of the thermal combustion process.

2 Materials and Methods

The following is a description of the different types of residue studied, as well as the
different tests used in this work.

2.1 Sample Collection and Preparation

For the development of the present study, different types of waste from corn were
selected, which were collected from local crops in the southwest of Spain.

Currently, harvesters separate the cob from the stalk. Hence, it would be interesting
to compare both types of waste separately, i.e., for one thing, the cob waste with the
leaves covering the cob and, for another thing, the corn stalk with the leaves. It is also
interesting to compare the characteristics of the cob residue with and without leaves to
assess the effect of the leaves on the thermal properties of this residue, as separation
would be an easy process to implement. The last waste would be the stover that is finally
left on the soil.

The following table identifies the different types of waste covered by this study (as a
continuation of the work carried out in Miranda et al. [1]) and their main characteristics
(Table 1):

The samples were ground in a hammer mill (CIP Line SG40, Italy), using a 5 mm
sieve at the exit of the machine. Afterwards, in order to obtain an optimum granulometry,
the samples were ground in a ball mill (Retsch MM 301, Germany).

2.2 TG Analysis

The thermogravimetric analysis (TG) was carried out by using a thermobalance (NET-
ZSCH STA 449F5 Jupiter, Germany), located in the Cork, Wood and Charcoal Institute
belonging to CICYTEX. Different samples from each residue were selected, with vari-
able weights from 18 to 45 mg in an aluminum crucible (Al2O3), undergoing tempera-
tures between 30 to 900 °C, at heating rates of 10, 20, 30 and 40 °C/min in air atmosphere
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Table 1. Samples studied in the present work.

Name Waste Leaves Soil contact

Ma1 Corn cob No No

Ma2 Corn cob Yes No

Ma3 Stalk Yes No

Ma4 Corn cob + Stalk Yes Yes

(80/20)with a gas flowof 50mL/min. The protective gaswas argon (20mL/min). To con-
duct properly the thermogravimetric analysis the Difference Thermogravimetric curve
(DTG) has been calculated, corresponding to the first derivative of the DT curve. All the
samples were done in triplicate in order to assure a suitable reproducibility of results.

In order to determine the different temperature events, the tangent method [2, 3],
has been selected. Concerning the temperature at which combustion or burning ended,
it was considered when the residual mass was 1% of the original mass [3, 4]. Thus, the
ignition temperature, Ti (corresponding to the starting temperature of the thermal process
according to the tangentmethod), the burnout temperature, Tf, and peak temperature, Tp,
(the temperature at which themaximumweight loss ratewas observed)were determined.

2.3 Kinetic Analysis

The conversion of biomass from solid state to volatile state during combustion is an
heterogeneous reaction, and the rate of reaction can be written as:

dα

dt
= kf (α) (1)

where α is the rate of conversion within sample, t is the time and k the reaction rate
constant. According to Arrhenius, the reaction rate constant k is represented by the
following equation:

k = Ae−( E
RT ) (2)

where A is the pre-exponential factor (min−1), E is the activation energy (kJ mol−1),
R is the gas constant (8.314 J mol−1 K−1) and T is the absolute temperature (K). The
conversion factor, α, is represented by Eq. (3):

α =
(

α0 − αt

α0 − αf

)
(3)

where α0 is initial weight of biomass, αt is weight of biomass at a particular time and αf
is mass of biomass at the end of the combustion. According to the previous equations
the rate of reaction can be written as follows:

dα

dt
= Ae

−
(

E
RT

)
f (α) (4)
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Considering Arrhenius equation, G(α) integral form of conversion, and for non-
isothermal conditions in a linear heating rate, β (K/min), Eq. (5) can be obtained:

G(α) =
∫ α

0

dα

f (α)
=

∫ T

0

A

β
e
−

(
E
RT

)
dT (5)

In this study, to determine the activation energy using TG data, at different heat-
ing rates for combustion of corn residue, three isoconversional methods have been
used. Thesemethods, Flynn-Wall-Ozawa (FWO),Kissinger-Akahira-Sunose (KAS) and
Starink, are the three commonly used integral methods [5].

Flynn-Wall-Ozawa (FWO) Method. The Flynn-Wall-Ozawa method is used to cal-
culate activation energy using Doyle’s approximation [6]. The FWO method [7, 8] is
represented by the following equation:

ln(β) = ln

(
AE

RG(α)

)
− 5.331− 1.052

(
E

RT

)
(6)

According to this method, activation energy is estimated from the slope of equation
obtained from the plot of ln(β) and 1/T at different heating rates. At each conversion,
activation energy is calculated from the slope --1.052 E/R.

Kissinger-Akahira-Sunose (KAS) Method. The KAS method [9, 10] is represented
by the following equation:

ln

(
β

T 2

)
= ln

(
AR

EG(α)

)
− E

RT
(7)

Here, activation energy is calculated with the aid of plot between ln(β/T2) and 1/T at
different heating rates. At each conversion, activation energy is calculated from the slope
-E/R.

Starink Method. The Starink method [11] is represented by the following equation:

ln

(
β

T 1.92

)
= Cs − 1.0008

E

RT
(8)

where Cs is a constant. Here, ln(β/T1.92) and 1/T is plotted to obtain a set of lines at
different conversions. At each conversion, activation energy is calculated from the slope
−1.0008 E/R.

3 Results and Discussion

3.1 Thermal Behaviour

The combustion profiles of the different corn crop waste at four heating rates are shown
in Fig. 1.
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Fig. 1. (a) TG and DTG –Ma1, (b) TG and DTG –Ma2, (c) TG and DTG –Ma3 and (d) TG and
DTG – Ma4.

The thermal degradation takes place in three stages. The first stage was related to
moisture loss, from room temperature to the temperature at which 5% weight loss took
place [12]. At higher temperatures, a faster stage started with the combustion of volatile
compounds, observing a temperature peak due to the thermal decomposition of cellulose
and hemicellulose, up to the final temperature of this stage, where a change in the slope
of the TG curve took place. The third stage corresponded to lignin decomposition and
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Fig. 1. (continued)

char combustion, finishing at the burning temperature. Lastly, a final stage took place
up to 900 °C, the temperature at which the test finished.

In the case of samplesMa1,Ma2 andMa3, it can be seen that Ti and Tf increasedwith
increase in heating rate whereas Tp remains more or less constant with no significant
effect due to the heating rate. In the case of sample Ma4 it can be observed that Ti,
Tp and Tf increased with increasing heating rate; this may be due to the fact that the
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higher impurity content means that the heat is not transmitted well into the sample,
so that a temperature gradient is produced between the outside and the inside of the
biomass, thus, the higher the heating rates is the greater this gradient is, and the sample
needs higher temperatures for its decomposition. The increase of thermal degradation
processes towards higher temperatures due to the increase of heating rate has been
reported in multiple bibliographies [13, 14].

3.2 Kinetic Analysis

The kinetic parameters were calculated by Eqs. Error! Reference source not found.),
Error! Reference source not found.) and Error! Reference source not found.) from
FWO, KAS and Starink method, respectively. Activation energy and correlation coef-
ficient at different conversions are shown in Table 2, Table 3 and Table 4, for different
methods.

Activation energy is the minimum amount of energy required to initiate a reaction.
The average activation energy obtained from FWO, KAS and Starink methods, for Ma1
residue, was found to be 226.01, 227.98 and 228.19 kJ/mol, respectively. In the case of
Ma2 residue, the results obtained were 212.50, 213.82 and 214.04, respectively. Finally,
for Ma3 residue the results were 205.24, 206.24 and 206.47, whereas form Ma4 residue
were232.00, 234.40 and234.06, respectively.Comparing the results of the different types
of waste, it can be observed that Ma4 residue needs higher activation energy, which may
be due to the higher content of impurities in the residue, as it has undergone degradation
during the time spent in the soil. Regarding the average activation energy is very similar
among the rest of the waste, with better characteristics being observed in the case of
the stalk. On the other hand, in the case of the corncob waste, the leaves enveloping
the corncob improve the characteristics, so it does not make sense to eliminate these
leaves. Compared to other studies, Sattar et al. [15] observed an activation energy of
205.76 kJ/mol for corn cobwaste, andArranz et. al [16] obtained a value of 205.64 kJ/mol
for rice husk, values very similar to those obtained in the present study.

The values of the average correlation coefficient, R2, is higher than 0.98 for all the
samples and in all three methods, which means a good fit with experimental data and a
relatively accurate estimation.
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Table 2. FWO method.

Conversion (α) Ma1 Ma2

Equation R2 E (kJ/mol) Equation R2 E (kJ/mol)

0.1 y = −43.761x
+ 78.877

0.9660 345.85 y = −46.515x
+ 83.825

0.9945 367.61

0.2 y = −38.33x
+ 68.113

0.9969 302.92 y = −40.349x
+ 71.688

0.9876 318.88

0.3 y = −35.715x
+ 62.541

0.9980 282.26 y = −35.588x
+ 62.427

0.9980 281.26

0.4 y = −28.869x
+ 49.731

0.9937 228.15 y = −26.69x
+ 46.026

0.9923 210.93

0.5 y = −25.003x
+ 42.368

0.9979 197.60 y = −22.543x
+ 38.188

0.9972 178.16

0.6 y = −29.553x
+ 49.127

0.9837 233.56 y = −24.034x
+ 39.873

0.9973 189.94

0.7 y = −20.375x
+ 31.409

0.9966 161.02 y = −12.234x
+ 18.547

0.9968 96.68

0.8 y = −7.178x
+ 9.433

0.9688 56.73 y = −7.158x
+ 9.532

0.9952 56.57

Average 0.9877 226.01 0.9949 212.50

Conversion (α) Ma3 Ma4

Equation R2 E (kJ/mol) Equation R2 E (kJ/mol)

0.1 y = −67.441x
+ 122.602

0.9980 532.99 y = −83.171x
+ 150.458

0.9868 657.30

0.2 y = −38.887x
+ 69.435

0.9952 307.33 y = −47.137x
+ 83.915

0.9969 372.53

0.3 y = −28.595x
+ 50.262

0.9981 225.99 y = −28.059x
+ 48.989

0.9853 221.75

0.4 y = −20.646x
+ 35.608

0.9989 163.17 y = −24.235x
+ 41.759

0.9947 191.53

0.5 y = −19.184x
+ 32.584

0.9977 151.61 y = −19.498x
+ 32.941

0.9979 154.09

0.6 y = −17.87x
+ 29.565

0.9980 141.23 y = −17.461x
+ 28.7

0.9947 138.00

0.7 y = −9.454x
+ 14.246

0.9897 74.72 y = −9.279x
+ 13.952

0.9842 73.33

0.8 y = −5.679x
+ 7.445

0.9837 44.88 y = −6.003x
+ 8.07

0.9812 47.44

Average 0.9949 205.24 0.9902 232.00
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Table 3. KAS method.

Conversion (α) Ma1 Ma2

Equation R2 E (kJ/mol) Equation R2 E (kJ/mol)

0.1 y = −42.668x
+ 64.27

0.9644 354.75 y = −45.42x
+ 69.215

0.9942 377.62

0.2 y = −37.223x
+ 53.481

0.9967 309.47 y = −39.241x
+ 57.053

0.9869 326.25

0.3 y = −34.594x
+ 47.881

0.9978 287.61 y = −34.468x
+ 47.771

0.9978 286.57

0.4 y = −27.734x
+ 35.049

0.9941 230.58 y = −25.558x
+ 31.349

0.9926 212.49

0.5 y = −23.853x
+ 27.659

0.9977 198.31 y = −21.396x
+ 23.483

0.9969 177.88

0.6 y = −28.375x
+ 34.37

0.9823 235.91 y = −22.86x
+ 25.123

0.9970 190.06

0.7 y = −19.121x
+ 16.526

0.9961 158.97 y = −10.991x
+ 3.681

0.9962 91.38

0.8 y = −5.804x
+ −5.635

0.9517 48.26 y = −5.81x +
−5.495

0.9925 48.31

Average 0.9851 227.98 0.9943 213.82

Conversion (α) Ma3 Ma4

Equation R2 E (kJ/mol) Equation R2 E (kJ/mol)

0.1 y = −66.351x
+ 108

0.9980 551.64 y = −82.074x
+ 135.843

0.9865 682.36

0.2 y = −37.784x
+ 54.81

0.9949 314.14 y = −46.028x
+ 69.278

0.9967 382.68

0.3 y = −27.482x
+ 35.62

0.9980 228.49 y = −26.941x
+ 34.336

0.9841 223.99

0.4 y = −19.522x
+ 20.943

0.9987 162.31 y = −23.105x
+ 27.086

0.9940 192.10

0.5 y = −18.046x
+ 17.896

0.9974 150.03 y = −18.354x
+ 18.242

0.9976 152.59

0.6 y = −16.705x
+ 14.829

0.9977 138.89 y = −16.291x
+ 13.957

0.9940 135.45

0.7 y = −8.225x
+ −0.597

0.9866 68.38 y = −8.052x
+ −0.887

0.9794 66.94

0.8 y = −4.34x +
−7.571

0.9706 36.08 y = −4.699x
+ −6.893

0.9702 39.07

Average 0.9927 206.24 0.9878 234.40
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Table 4. Starink method.

Conversion (α) Ma1 Ma2

Equation R2 E (kJ/mol) Equation R2 E (kJ/mol)

0.1 y = −42.712x
+ 64.854

0.9644 354.83 y = −45.464x
+ 69.799

0.9943 377.68

0.2 y = −37.267x
+ 54.066

0.9967 309.59 y = −39.285x
+ 57.639

0.9869 326.36

0.3 y = −34.638x
+ 48.468

0.9978 287.75 y = −34.513x
+ 48.358

0.9978 286.71

0.4 y = −27.78x
+ 35.636

0.9941 230.77 y = −25.603x
+ 31.936

0.9926 212.69

0.5 y = −23.899x
+ 28.248

0.9977 198.54 y = −21.442x
+ 24.072

0.9969 178.12

0.6 y = −28.422x
+ 34.961

0.9823 236.11 y = −22.907x
+ 25.713

0.9970 190.30

0.7 y = −19.171x
+ 17.122

0.9961 159.26 y = −11.04x
+ 4.276

0.9962 91.72

0.8 y = −5.859x
+ −5.032

0.9526 48.67 y = −5.864x
+ −4.894

0.9926 48.72

Average 0.9852 228.19 0.9943 214.04

Conversion (α) Ma3 Ma4

Equation R2 E (kJ/mol) Equation R2 E (kJ/mol)

0.1 y = −66.394x
+ 108.585

0.9980 551.56 y = −82.117x
+ 136.428

0.9865 682.18

0.2 y = −37.828x
+ 55.395

0.9949 314.25 y = −46.072x
+ 69.864

0.9967 382.74

0.3 y = −27.527x
+ 36.205

0.9980 228.67 y = −26.985x
+ 34.922

0.9841 224.18

0.4 y = −19.567x
+ 21.53

0.9987 162.55 y = −23.151x
+ 27.673

0.9940 192.32

0.5 y = −18.091x
+ 18.483

0.9974 150.29 y = −18.4x +
18.83

0.9977 152.85

0.6 y = −16.752x
+ 15.418

0.9977 139.16 y = −16.338x
+ 14.547

0.9940 135.73

0.7 y = −8.274x
+ −0.003

0.9867 68.74 y = −8.101x
+ −0.294

0.9797 67.30

0.8 y = −4.394x
+ −6.97

0.9713 36.50 y = −4.751x
+ −6.295

0.9708 39.47

Average 0.9928 206.47 0.9879 234.60
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4 Conclusions

The results confirmed that corn crop waste can be used as biofuel due to their suitable
thermal characteristics.However, it is concluded from the results obtained that the contact
of the residue with the soil worsens its thermal characteristics and impairs the optimal
development of combustion.

This effect can be observed by comparing the activation energy of the process, with
worse results being obtained for the waste that has remained on the ground. As for the
other three types of residue, the activation energy is higher for the case of the corncob
waste without leaves, followed by the corncob waste with the leaves enveloping the corn
cob, with the lowest activation energy being observed in the case of the stalk.

On the other hand, as for the kinetic models, the mean values obtained for each
method were similar, with a similar pattern throughout the conversion process, so they
are considered valid methods for the determination of the thermal properties of corn
crop waste.
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Abstract. Due to the high technification of the health sector, it is expected that
the future of hospital centers goes through the development of the concept of smart
hospitals, where efficiency, safety and patient well-being must be highlighted as
priorities. For this, it is necessary to develop and implement new and cutting-edge
technologies that offer alternatives and solutions that improve the management,
planning, analysis, design, development and operation of hospital buildings to
make themmore sustainable. To all this, wemust add the high energy consumption
of these buildings, due to their great activity that they carry out continuously
(24/7/365), which also represents a great challenge to be able to decarbonize these
buildings and make them more sustainable.

On the other hand, BIM (Building Information Modeling) is a collaborative
work methodology for the management of building projects through a digital
model (digital twin), which allows these projects, throughout their life cycle, to
be more efficient and sustainable. Having the digital twin of the hospital build-
ing offers many possibilities for improvement in management and help to make
decisions, such as: distribution and classification of spaces, organization of work-
stations, and services, preventive maintenance, integration with control systems,
asset data, energy management, indoor air quality, safety, etc.

In this work, the experience of implementing the BIM work environment for
the management and sustainability of an existing Hospital of more than 50 years
old, such as the University Hospital of Jaén (HUJ), is shown.

Keywords: Hospital · hospital buildings · Health centers · BIM (building
information modeling) · Smart buildings · Active management · Operation and
maintenance · Energy efficiency · Sustainability · Decarbonization

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
P. S. Duque de Brito et al. (Eds.): ICoWEFS 2022, Proceedings of the 2nd International Conference
on Water Energy Food and Sustainability (ICoWEFS 2022), pp. 218–227, 2023.
https://doi.org/10.1007/978-3-031-26849-6_23

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-26849-6_23&domain=pdf
http://orcid.org/0000-0002-8961-6754
http://orcid.org/0000-0002-6430-3233
http://orcid.org/0000-0003-1720-7545
https://doi.org/10.1007/978-3-031-26849-6_23


A Systematic review of the BIM Methodology 219

1 Introduction

1.1 BIM (Building Information Modeling)

If we look around, technology is taking over our lives and the world. This technol-
ogy needs information for the operation of management systems and models. This
information is generated more quickly and in greater quantity.

Due to the high technification of the health sector, it can be expected that the future
of hospital centers will go through the development of the concept of smart hospitals
[1], where efficiency, safety and patient well-being must be highlighted as priorities.
For this, it is necessary to develop and implement new and cutting-edge technologies
that offer alternatives and solutions that improve the management, planning, analysis,
design, development and operation of hospital buildings to make them more sustainable
[2]. To all this, we must add the high energy consumption of these buildings, due to their
great activity that they carry out continuously (24/7/365), which also represents a great
challenge to be able to decarbonize these buildings and make themmore sustainable [3].

On the other hand, BIM (Building Information Modeling) is a collaborative work
methodology for the management of building projects through a digital model (digital
twin), which allows these projects, throughout their life cycle, to be more efficient and
sustainable [4, 5].

Then BIM is a methodology that allows you to manage the asset throughout its
life cycle. Having the digital twin of the hospital building offers many possibilities for
improvement in management and help to make decisions, such as: distribution and clas-
sification of spaces, organization of workstations, and services, preventive maintenance,
integration with control systems, asset data, energy management, indoor air quality,
safety, etc. This digital model of information allows to simulate the real behavior of
the building helping in the decision making of design and operation of the building,
not only for new buildings that must be, according to current legislation, buildings of
almost zero energy consumption, but also for the rehabilitation of existing buildings.

1.2 BIM Dimensions

Within theBIMmethodology, according to the uses forwhich it is intended, the following
classification has been established [6] (Fig. 1):
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2D
•DOCUMENTATION
•Traditional CAD drawings, lines, images, etc.. 

3D

•THREE-DIMENSIONAL MODEL (3D Model) 
•Project visualization, graphic documentation, geometric information, objects with 

properties, collision analysis. 

4D

•TIME MANAGEMENT
•Planning of project phases, control of execution times, sequential or temporary 

simulation of virtual construction.

5D
•COST MANAGEMENT
•Budgets, expense control, simulation of estimates and costs.

6D
•SUSTAINABILITY AND ENERGY MANAGEMENT
•Energy analysis and simulations, energy certifications, eco-efficiency.

7D

•OPERATIONS AND MAINTENANCE MANAGEMENT (Facility Management)
•AS-Built model, asset life cycle, maintenance, management of spaces and associated 

services, remodeling. 

Fig. 1. BIM dimensions.

Currently we talk about the 8D dimension, Safety and health, as the analysis of risks
in 3 dimensions.

1.3 Digital BIM Twin

This BIM methodology, in the operation phase (7D), adds value to all the Care Services
provided by the Health Centers, allowing the support activities, organize and properly
structure a large amount of data, through a single source of information that is the
DIGITAL TWIN.

The BIM6Dmodel allows to compare the existing state with the future state in terms
of energy and economic balance, which will serve to study all the improvements as a
whole [2], so that it is possible to select the alternatives of greater energy efficiency,
lower environmental impact and greater comfort for the users of the building, which in
turn will result in an improvement of the energy certification of the building.

In short, the digital twin allows architects, engineers, maintenance and operation
managers, construction companies and maintainers to work on the same model, with
updated and coherent information in a bidirectional way in the exchange of information
[7].

1.4 Change of Technology

BIM is a methodology that integrates people, procedures and technologies.
This requires a change from the traditional way of working (Fig. 2).
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Fig. 2. BIM integrates people, procedures and technologies.

Adaptation to this new methodology requires: Un mental change in people; New
processes: better document management, better communication (on-line, traceability)
and technological adaptation; Training in new tools.

2 Object

In this work, the application of the BIM methodology to the Management (BIM7D) and
Sustainability (BIM6D) of hospital buildings from the DIGITAL TWIN is studied.

Specifically, the building chosen is the Diagnostic and Treatment Center of the
University Hospital of Jaén (Andalusian Health Service), which is 50 years old.

Through the DIGITAL TWIN of the building, it is intended to assess the use of
the BIM model of the building for the Operation and Maintenance phase, energy man-
agement and its connection with the CMMS (Computerized Maintenance Management
System).

3 Methodology

The BIM software used to obtain the architectural model has been REVIT
(AUTODESK).

To do this, it was based on the plans of the building in “dxf” format, which served
as a template for the construction of the geometry and BIM architecture of the Build-
ing through the REVIT program. Once the architectural model has been obtained, the
distribution of areas and zonings is carried out according to the corporate CMMS, the
materials of the thermal envelope of the building are configured, aswell as the operational
and occupational characteristics of all the spaces. Finally, the model is fed with available
information from the different infrastructures and physical assets of the hospital, and
the benefits of having a digital twin are studied and the possible connections with other
modeling software, energy analysis, maintenance management, asset management, etc.
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4 Case Study

The Diagnostic and Treatment Center of the University Hospital of Jaén, is a health
center of the Andalusian Health Service, which belongs to the Ministry of Health of the
Junta de Andalucía, located in Jaén. The construction of the building dates from 1972,
as a specialized care center. The building, has as its main activity the attention of the
external consultations of the Hospital and as a complementary activity in the building is
community mental health and the archives in the basement of the building.

Description of the Building. The Diagnostic and Treatment Center of the University
Hospital of Jaén (HUJ), is located in a building of 1,000m2 of very elongated rectangular
plant and has 6 floors built. The total constructed area is approximately 6,200 m2. The 6
floors in which the building is divided are: Basement, Semi-basement, Low, and First to
third. The building is made of reinforced concrete structure and the walls of the exterior
envelope are exposed brick factory, have a half-foot chamber and a second plastered
brick factory partition. The building’s slabs are also made of reinforced concrete. The
exterior carpentry is made of aluminum with 6 mm simple glass without breaking the
thermal bridge. The interior distribution is made with plastered brick factory partitions.
The main roof of the building is curved tile, gabled, not passable. The floors are terrazzo
mainly. The coverings are ceramic in damp rooms, plastered and painted in the rest
(Fig. 3).

Fig. 3. Overview of the Diagnostic and Treatment Center of the HUJ.

Description of the Facilities of the Building. The production of cold for air condition-
ing is carried out by means of two chillers per direct expansion plant with ducts. Regard-
ing the generation of heat, in order to supply hot water for air conditioning and domestic
hot water, it is carried out by boilers fed with natural gas, which supply a series of water
radiators located in all the perimeter areas of the building. The luminaires of the building
are mostly fluorescent type, and do not have automatic control devices.

BIM Model of the Building. As mentioned above, in the first place, it was based on
the plans of the building in “dxf” format, which served as a template for the construction
of the geometry and BIM architecture of the Building through the REVIT program.
Once the architectural model has been obtained, the materials of the thermal envelope
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of the building, the operational and occupational characteristics of all the spaces are
configured to obtain the energy model, also with the REVIT software. Figure 4 shows
the BIM architectural model of the health center, which consists of 226 spaces, with 354
windows and 242 doors for example.

Fig. 4. Digital BIM twin of the building in REVIT.

It should benoted the difficulties to obtain themodel as:Geometry (plans only of plant
and not correctly updated); Thermal and energetic characteristics (mostly unknown, so
theywere estimated); Facilities. (modified andwithout properly updated documentation,
most are hidden or difficult to access) (Fig. 5).

Fig. 5. Sections of the BIM model of the building in REVIT.

5 Results

Finally we obtain a digital twin of the hospital building as a single source of information
for all the infrastructures of the hospital, as well as the energy simulation, which allows
to improve the management throughout the life cycle of the building [8, 9], however,
there are limitations and difficulties for the connection with other tools that allow the
incorporation or extraction of information from the model (Fig. 6).
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Fig. 6. BIM energy model of the building in REVIT.

5.1 Energy Simulation of the BIM Model with Revit Insight

The graph in Fig. 7, in the blue bar on the left, shows the energy consumption of the
existing building modelled in BIM (259.11 kWh/m2/year). The following bars of the
graph show the results of each of the improvements in the building, indicating in the blue
bar the energy consumption of each new scenario resulting from applying the energy
improvement, and in the orange bar is shown, the energy saved in relation to the initial
situation of the existing building. Finally, the last bar on the right shows the combined
result of all the proposed improvements, where a total energy saving of 47% (120.94
kWh/m2/yr) is achieved on the current situation of the Hospital. The improvements
studied and indicated in the graph (from left to right) are: HVAC (high efficiency heat
pumps); replacement of luminaires by LED technology; change of windows (double low
emissive glass); installation of presence control systems and use of natural light to illumi-
nate the building; improvement in installed electrical power by replacing more efficient

Fig. 7. Graph of the energy consumption and savings of the different scenarios of improvement
of the energy efficiency analyzed for the building.
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equipment (lifts, electro-medical equipment (RX), office equipment, etc.); installation
of high-performance photovoltaic panels in 75% of the building’s roof.

5.2 Contributions of the BIM Model Obtained

Structured and visual information by areas, classified by Management Units and
Consumption Centers.

Physical activos located in areas and spaces, geolocated, with visual evidence.
Information of spaces: functional and occupational characteristics, zoning, typol-

ogy, cleaning areas, thermal loads, ventilation needs, level of natural lighting, geometry
and dimensions, characteristics walls, access restrictions, etc (Fig. 8 and 9).

Fig. 8. Structured and visual information by areas, classified by Management Units and
Consumption Centers.

Fig. 9. Level of natural lighting per space.

Plans and updated graphic documentation to extract directly from the model:
designation of spaces, CMMS locations, DIRAYA (electronic clinical history of the
Andalusian health service) locations, classification of spaces, signage, key numbering,
legionella locations, critical areas, fire sectors and evacuation plans, network points, wifi,
telephony, cleaning areas, etc.

Themodel exportable to the “ifc” standard ready to be exploited with other tools.
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In case of reforms, updated data of the model (geometry, assets, locations…)
ready for incorporation into the different corporate tools (Fig. 10 and 11).

Fig. 10. Dimensions and volume of spaces with their functional and occupational characteristics,
thermal loads, ventilation needs, etc.

Fig. 11. View in Tekla BIMsight of the BIM Digital Twin exported to the “ifc” standard with
detail of space information.

6 Conclusions

With the results obtained in this work, it can be observed, how the digital twin offers
a holistic and usable view of the information of hospital infrastructures, which imply
benefits in general management and sustainability, since it offers the advantage of having
centralized information,which allows saving time andoptimizing resources, avoiding the
accomplishment of repetitive tasks as happens when there are fragmented information
sources. Obtaining the BIM digital twin of an existing building requires an economic
effort that can be valued, but the cost of not having a BIM model is not valuable due to
the GAP of productivity, and loss of information, whichmust be recovered repeatedly by
different services, even more so taking into account that the exploitation and operation
of a building represent, on average, between 75% and 80% of the total life cycle cost of
a building.
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The energy analysis of the BIM model of the building, allows to identify the most
outstanding measures from the point of view of energy saving, as well as to discard other
a priori interesting measures, which translates into a tool to help in decision making, and
very to take into account when rehabilitating and modernizing a building, in addition to
enabling quantifiable valuation criteria in administrative contracting, for the award of
projects (new buildings and rehabilitation).

The digital twin BIM, through structured data associated with it, allows to add value
to the set of Healthcare Services, by sharing updated information centrally, compared
to the current work scenario where information is fragmented by different services. The
digital BIM twin, a methodology that is here to stay, and transform the management of
hospital buildings, although it requires a change of mentality that is never an easy task,
much less when it is linked to a conceptual change.
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Abstract. Circular economy principles focus on the need to preserve natural
resources and foster the use of environmentally sustainable practices. Concerning
the use of plastics in a circular economy, increasingly demanding solutions have to
be developed towards the zero-waste goal sought after by researchers and society
alike. Particular attention has been put into the recycling of PET, mainly due to its
wide spectrum of use and, consequently, to large volumes of related waste. The
PET mechanical recycling process requires these waste materials to be shredded
into PET flakes. Following such a procedure, these flakes are pelletized to be
used again as feedstock. Considering the main stages of the mechanical recycling
processes, which include plastic screening, shredding and washing, significant
amounts of end waste materials are generated. This end-waste integrates small
scale particles that are designated by plastic fines. Concerning the PET recycling
process, the PET fines resulting from its mechanical recycling are not currently
valued due to several technical issues, such as their high contamination level and
the complexity of sorting them from other small-size particles. Current research
focuses on the feasibility of incorporating these PET fines into the film/injection
extruders, avoiding this way the need for an intermediate pelletization stage. To
allow for such direct incorporation of PET fines into recycling processes, different
decontamination and sorting solutions were implemented and tested. The current
study is based on analyzing the mechanical properties of PET fines, using labo-
ratory tests such as FTIR, DSC, MFI, moisture content, tensile tests and bending
tests. Preliminary results allow foreseeing the successful direct incorporation of
PET fines into PET recycling.
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1 Introduction

Since the 1970s, when the concept of sustainable development was first introduced by
United Nations Conference on the Human Environment [1], there has been a signifi-
cant effort to find alternatives to existing products and processes to promote not only
sustainability but also the circular economy, as both of these notions are key to foster
sustainable development in our current and future society.

Among the various alternatives to the linear economy principles of take-make-
dispose, the circular economyconcepts of recycling and reuse are by farmore sustainable.
Thus, the ability to use waste materials to be transformed into new raw materials for the
process brings positive impacts to all three main perspectives of sustainability, namely
the economic, social, and environmental dimensions [2].

Particularly, when trying to apply the concepts of sustainability and circular economy
to the plastics sector different challenges arise. Nonetheless, such efforts are critical since
the plastics industry is one of the fastest-growing in recent years, with all the benefits
and drawbacks of conventional and advanced manufacturing processes [3]. Again, one
of the most promising solutions to be adopted to promote the sustainability of plastics
is recycling [4].

When looking at the plastics industry, it’s unavoidable to look for improvements
in processes and alternatives that use fewer resources and/or allow these resources to
be reintegrated into the production chain due to the production circumstances, which
include the use of petroleum shunt raw material and its scarcity.

Even in the recycling chain, there is waste produced and some sub-materials that are
not used during the process, thus generating by-products that don’t get valued or reused.
PET fines, which are the consequence of the breakage and washing of PET during its
recycling process, are among those whose economic and energetic potential has not
been considered in current value chains and that also can have harmful impacts on the
environment [5]. The amount of PET fines generated from the mechanical recycling of
PET bottles can reach 2 to 5% and from the mechanical recycling of PET trays can reach
up to 20 to 30%. Because of their small size, these microplastic fines are not currently
recycled with PET flakes, which result from the recycling of PET bottles.

As a result of the challenge of finding alternatives that allow integrating the highest
amount of waste to be reused in the material recycling of PET while also optimizing
the recycling process to minimize unwanted by-products, the current research focuses
on characterizing the PET fines to study their properties and to discuss the feasibility of
reintroducing this waste material into the production cycle.

2 PET Fines from Plastics Recycling

Plastics have become increasingly valuable since their discovery, serving as a cost-
effective solution in a variety of industries, including construction, automotive, electrical
and electronics, agricultural, domestic use, and packaging, amongmany others. Somuch
so that, despite the 2020 crisis, Europe’s plastics manufacturing dropped by barely 5%.
And, while this figure appears significant, given that 58 million tons of plastics were
manufactured in 2019 and 55 million tons in 2020, these figures can still be regarded
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as very high. It’s also worth noting that these figures just pertain to Europe; they don’t
necessarily imply that the scale has shrunk globally, given China’s increase from 31%
to 32% of global plastic manufacturing, as well as North America [6].

However, due to its future productivity shortfall, as well as the harm caused by
high persistence under abrasive conditions, which transforms plastic into microplastics
(plastic pieces smaller than 5mm), it was decided that theMember States of the European
Union (EU) should reduce disposable plastic consumption [7] and improve plastic waste
management [8, 9].

According to Plastics Europe [10], to promote better waste management, more than
29 million tons of post-consumer plastic waste was collected in the EU27+3 in 2020.
Nevertheless, only a third were delivered to recycling facilities within and outside the
EU27+3, about 23% were sent to landfills and more than 40% were sent to energy
recovery operations.

Given that the packaging industry produces around 40% of the total plastic waste,
additional attention must be paid to encouraging recycling in this sector [10].

However, there are still many difficulties to be overcome in the recycling process.
One of them would be, according to Elamri et al. [11], the fact that the post-consumer
PET suffers during the recycling process: thermal exposure and shear degradation with
the simultaneous presence of retained moisture and physical contaminants which lead
to a significant average macromolecular weight loss during reprocessing at high tem-
peratures, resulting in reduced mechanical properties. Besides, the intensive cleaning
and drying of PET flakes before extrusion, the sorting of impurities and the use of chain
extenders or modifiers are options to improve those properties.

Another relevant point is that PETfines are generated during the recycling operations,
which are smaller fractions than flakes and are a by-product resulting from the shredding
of the materials. Therefore, it can be inferred that there will be even greater structural
and mechanical differences between PET fines and PET flakes. It has also to be noticed
that PET fines cannot be included in the recycling process, as they melt before the
larger dimension flakes, making material flow difficultly when producing pellets of
rPET [12]. In other words, as these differences become greater and more evident, it
requires increased effort on the search for solutions that make it possible to incorporate
PET fines into recycling processes.

In a nutshell, it is key to look for ways to reuse this type of by-product materials
from the PET recycling process to limit the amount of non-recycled PET and therefore
contribute to the circular economy principles.

3 Experimental

3.1 Material

In this study, the sample of PET fines was collected after washing, in the drying process,
resulting from several stages of the mechanical recycling of PET post-consumer waste.
The mechanical recycling system is composed of NIR and manual sorting, shredding,
washing and drying. These samples are known to contain contaminants such as different
types of polymers, metals, and small pieces of wood. The maximum dimension of the
PET fines is 4 mm.
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It was important to conduct multiple tests to characterize the samples to gain a better
understanding of their composition and, as a result, find acceptable methods to promote
recycling. Initially, contaminants in the samples were examined. A sample of roughly
10 g of material was separated, measured on a precision balance from Precisa, model
262SMA-FR, and evaluated bymanually removingmetals, wood, colored and yellowish
components, using tweezers, to get a sample just with white and blue PET material.

3.2 Density

Several tests were carried out to determine the density using the pycnometer method.
The solvent was water at 23 ºC with a density of 0.99751 g/cm3. The mass of sample and
water in the picnometer of solids were measured on a precision balance from Precisa,
model 262SMA-FR and the density was calculated by Eq. (1).

Density = mpic+sam − mpic
mpic+w−mpic

dw
− mpic+sam+w−mpic+sam

dw

(1)

where mpic is the mass of dried pycnometer of solids, mpic+sam+w is the mass of pyc-
nometer with sample and water,mpic+sam is the mass of pycnometer with sample,mpic+w

is the mass of pycnometer full of water and dw is the density of water at 23 ºC.

3.3 Moisture Content

The subsequent set of tests followed the procedures outlined in ISO 15013:2007 [13] to
determine the moisture content in the samples. The method is based on the gravimetric
method by the measurement of the variation of mass between the mass of the sample
as received and the mass of the sample after drying at 105 ºC for 24 h. The mass
was measured at ambient temperature with a precision balance from Precisa, model
262SMA-FR.

3.4 Melt Flow Index

The Melt Flow Index (MFI) was carried out at 265 ºC, using ATS Faar equipment,
according to the procedure prescribed in ISO 1133-1:2011 [14] with the 2.16 kg of
weight to force the sample to flow through the flow chamber. To adapt the standard to
the given experimental flow, the method was modified for 10 g of sample to be inserted
into the equipment and a cutting time of 25 s.

3.5 DSC Analysis

The equipment DSC131 from Setaram Instrumentation was used to perform the Differ-
ential ScanningCalorimeter (DSC) analysis, test for determining thermal characteristics,
glass transition temperature, Tg, crystallization temperature, Tc, melting temperature,
Tm, and crystallinity, Xc %. The results were obtained after the second scan with a
temperature range from 30 ºC to 300 ºC, without purge gas, with a scanning speed of
10 ºC/min and sample weight ranging between 30 mg and 35 mg. The crystallinity was
calculated based on the heat of fusion of 100% crystalline PET of 120 J/g.
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3.6 FTIR

The presence of additives and contaminants, including polymers and monomers, was
analyzed using the FTIR technique (Fourier-transform infrared spectroscopy). This tech-
nique allows identifying the composition of a material with high levels of precision. The
FTIR spectrometer used was the Spectrum Two from PerkinElmer and the resulting
spectrum was studied using the software Spectrum IR, in a multisearch analysis.

3.7 Bending and Tensile Tests

Bending and tension tests were also undertaken to characterize themechanical properties
of the samples, which were preceded by a step of specimen preparation in which 3.30 kg
of dried PET fines were injected at two different pressures, 60 bar and 80 bar, at a
temperature of 140 ºC. The mold used to inject is in accordance with standards for
3-point bending and tensile tests, the ASTM D638 standard [15]. The 3-point bending
tests were carried out using a Zwick/Roell Z100 universal test machine in accordance
with the ISO 178:2003 standard [16], with a test speed of 5 mm/min, a load cell of 100
kN, and a distance between supports of 68 mm.

4 Results Discussion

According to the procedures presented in the previous section a set of tests was carried
out to characterize contaminants in the samples, densities, moisture content, melt flow
index, DSC, FTIR and tensile and bending tests.

Table 1 presents the analysis of visible contaminants on the samples, which were
sorted by the manual removal method.

Table 1. Analysis of visible contaminants on the samples.

Test Material Mass (g) Relative weight (%)

1 Metals and
Wood

0.047 0.5%

Miscellaneous
materials

0.278 2.7%

Blue and White 9.708 95.4%

Yellowish 0.162 1.8%

2 Metals and
Wood

0.242 2.1%

Miscellaneous
materials

0.271 2.9%

Blue and White 9.420 93.5%

Yellowish 0.140 1.5%
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As a result of the foregoing analysis, it was possible to observe that most of the
samples were composed of white and blue plastic. Nevertheless, a significant percentage
of metal contaminants and pieces of wood were identified as specimen contaminants in
various amounts. Other contaminants identified in the analyzed specimens relate to
different percentages of various polymers that may be recognized and distinguished by
their colors, as well as yellowish materials that indicate the presence of polyolefins.

Table 2 presents the density andmoisture content of PETfines,measured in triplicate,
according to the methods described in Sects. 3.2 and 3.3.

Table 2. Density and moisture content of PET fines.

Test Density (g/cm3) Moisture content (%)

1 1.062 0.65

2 1.295 0.62

3 1.277 0.65

It can be observed from the results presented in Table 2 that the density of the samples
is consistent, but they differ from the density values for virgin PET, which has values
between 1.29–1.43 g/cm3 [17]. This can be explained by the presence of polymers like
polystyrene and polyolefins and/or additives that can decrease the density of the sample.

It can be observed from Table 2 that the two tests had approximately the same
moisture content. However, given the variability of the sample, a margin of 5% error
level can be considered acceptable.

Table 3 presents MFI results, which were conducted using the procedure prescribed
in ISO 1133-1:2011 and it was carried out at 265 ºC, as described in Sect. 3.4.

Table 3. MFI results of PET fines.

Test MFI (g/10 min)

1 355.72

2 191.02

3 67.250

4 50.866

5 82.094

6 88.238

The MFI results allowed identifying that the material under research had particles
beyond the visible spectrum, given that the findings differed significantly from what had
been expected based on the literature [18], which indicates that ground bottles have a
Melt Flow Index of 15.98 g/10 min.
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It should be noted that tests 1 and 2 of Table 3 were conducted without any contami-
nant removal treatment, with results that were about 12 to 22 times higher than expected.
This may be due to the presence of metals and wood particles, which could disrupt the
flow of the material due to the obstruction of the nozzle at the end of the flow chamber
of the MFI equipment. Metal and wood contaminants were removed from Tests 3 and
4 as the initial step and the results were 3 to 4 times higher than expected. In tests 5
and 6, all visible contaminants were removed and the sample was the same as the one
used for the contamination analysis where the fraction of white and blue plastics was
used. The results of tests 5 and 6 are more consistent but still around 5 times higher
than expected. Nevertheless, there should still be a significant presence of impurities,
additives, or multilayer material, which would explain the wide range of readings. In
addition, the irregular shape of the input material with lower dimensions in comparison
to those of the pellets, that are usually used to measure MFI, may affect the final output.

Table 4 presents DSC results for 3 tests, in which Tg refers to the glass transition
temperature, Tc refers to crystallization temperature, Tm refers to melting temperature
and Xc % the crystallinity of PET fines.

Table 4. DSC results of PET fines.

Test Tg (ºC) Tc (ºC) Tm (ºC) Xc%

1 97.97 161.76 267.10 12

2 102.62 156.92 269.60 5.1

3 99.52 157.25 265.71 10

The reported results in the literature [19] refer that the virgin PET has a glass tran-
sition temperature of 72.8 °C, a crystallization temperature of 135.7 °C and a melting
temperature of 251.9 °C. However, the tests have divergences from the reported values,
according to the DSC test analysis. It is possible to infer from the readings obtained in
Test 2 as being the result of a non-fused particle, i.e., a plastic substance that could not
reach the melting point at 300 ºC. On what concerns Test 3, since there are more colored
materials, i.e., materials that are not PET, thus having different values than expected.

Figure 1 shows the graph of heat flow versus temperature resulting from the DSC
analysis of the PET fines.

In accordancewith the presented in Fig. 1, the valueswere consonant with each other,
however, it can be observed that there are differences in the graph which, as mentioned
above, can be explained by the presence of other materials besides PET.

According to the FTIR analysis, most of the samples contain more than one layer
of polymer and/or present additives or contaminants (80% of the samples), as well as
materials that do not contain PET at all (16%) and only 4% of the samples analyzed
were made entirely of PET, as shown in the chart of Fig. 2.

The FTIR tests also showed that Vinyl Acetate, Adhesive of Vinyl Chloride,
Poly(trimethylene terephthalate (PTT), Poly(Phenylene Disulfide) and Quaternized
Polyimidazoline are some of the components found in the analysis, here referred to
as PET +, in reference to the presence of additives.
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Fig. 1. DSC analysis of the PET fines.

Fig. 2. Percentage of PET, PET samples with multilayers and/or contaminants and additives and
non-PET materials.

On what concerns the mechanical characterization of the sample materials, 3-point
bending tests were performedwith the specimens injected at 60 and 80 bar and the results
are presented comparatively in Fig. 3.
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Fig. 3. Comparative graph of bending tests with specimens injected at 60 bar and 80 bar.

In Fig. 3 it can be seen that Young’s Modulus has similar values for injection at
60 bar and 80 bar, indicating that there are no significant differences regarding the
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injection pressure used. On what refers to the virgin material, the values found are above
expectations, considering that, according to the literature, the values should oscillate
between 2.76 and 4.14 Gpa [20].

Figure 4 shows the stress and strain curves until the limit of the fracture of samples
of PET fines injected at 60 bar and Fig. 5 shows the stress and strain curves until the
limit of the fracture of samples of PET fines injected at 80 bar.
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Fig. 4. Stress-strain curve of PET fines injected at 60 bar.
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Fig. 5. Stress-strain curve of PET fines injected at 80 bar.

The specimen has a very low deformation with no significant differences regarding
injection pressure.
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The values found for both the 60 bar and the 80 bar samples are quite different
from the values reported in the literature [18] for virgin PET, given that they support
a maximum strain between 50 and 60 MPa, with a strain of more than 30%. It is also
worth noting that the curves don’t match those predicted from a PET-only material, and
the material doesn’t yield, making it impossible to determine its yield strength. This
indicates the sample’s brittleness by the fact that it breaks before yielding.

5 Summary and Discussion

The tests conducted with the PET fines collected after washing and drying PET residues
resulting from several stages of the industrial recycling of PET post-consumer waste
allowed finding that despite the number of visible contaminants found being relatively
small (5%–7.5%), the presence of additives found from FTIR in the fraction of PET and
other polymers that resemble PET is significant and may be the explanation for a large
part of the differences in values found, as density, which has lower values because the
polymers present have lower densities than PET, such as polystyrene and polyolefins.

The MFI values were substantially higher than expected according to the literature
[18], in which the values should be close to 30 g/10 min. However, this result can be
explained both by the material not being entirely composed of PET and by its smaller
dimension than the standards, which facilitates its fusion.

On what concerns the DSC tests, the results showed to be higher than expected
according to the literature [19], but the generated curves are similar to the pattern found
in virgin PET. The crystallinity is significant, and it can contribute to increasing the
stiffness found in the bending and tensile tests. The specimens for the bending and
tensile tests were not subjected to DSC analysis but were injected into the mold at
ambient temperature. In order to decrease the stiffness and avoid the crystallinity, the
mold could be refrigerated to about 8 ºC. On the other hand, refrigeration would increase
the need for energy in the production of the specimen.

Finally, on what refers to the mechanical properties, the bending and tensile tests
showed no significant differences regarding the injection pressure of the molds, but as
there are large differences when comparing the results expected for virgin PET, being
much more rigid, residual deformation and do not show yield.

6 Conclusion

One of the methods to increase the material’s circularity is by improving its recycla-
bility, thus extending its life. Nonetheless, the mechanical recycling of plastics must be
improved to avoid significant amounts of rejectedmaterial. In the PET recycling process,
after automatic and manual sorting, washing and drying, the sieving gets about 2 to 5%
of PET fines, which are particles smaller than 4 mm. These PET fines are contaminated
with metal, wood, sand, additives, organic contaminants, and other polymers in addition
to PET.

In this study, several characteristics of the PET fines were assessed using different
methods, such as FTIR, DSC, MFI, moisture content, tensile tests and bending tests.
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The contaminants (metal, wood, yellowish and miscellaneous materials) were eval-
uated and although they are about 5%, they strongly affect the mechanical and thermal
characteristics. Besides the contaminants, polymeric multilayers on the PET fines were
detected by FTIR. This allows assuming that they can contribute to the deviation of the
mechanical and thermal characteristics of PET fines when compared to virgin PET.

Given that the material analyzed is obtained from post-consumer packaging bottles,
which still have labels attached to them, it’s also possible to infer that the contaminants
found in the samples are from such labels, which may not have been removed com-
pletely. Therefore, considering these results it is not possible to directly insert PET fines
into recycling processes, given the significant differences in physical and mechanical
properties when compared to virgin PET. Based on these results, the increase of the
intrinsic viscosity may not be enough to successfully recover the PET fines properties.

It is recommended that to provide improvements to the material properties, the PET
fines are subjected to a separation process to remove metal, wood and miscellaneous
material, in order to obtain samples with a high degree of PET and multilayer material.

More research is needed to develop efficientmethods to separate contaminants that, as
known, are below 4 mm and magnetic, NIR sorters and others have limitations. Another
recommendation would be the assessment of an additional step of mechanical drying
before shredding to minimize fines production, although further research is required to
quantify this aspect.

Acknowledgments. Financial support for this work was provided by the Project Better Plastics
- Plastics in a Circular Economy. COMPETE 2020 (Lisboa, PT) GRANT_NUMBER: POCI-01-
0247-FEDER-046091.

References

1. UnitedNationsOrganization: Stockholm1972 -Declaration of theUnitedNationsConference
on the Human Environment (1972). www.unep.org. Accessed 11 Apr 2022

2. Shamsuyeva, M., Endres, H.J.: Plastics in the context of the circular economy and sustain-
able plastics recycling: comprehensive review on research development, standardization and
market. Compos. Part C: Open Access 6, 100168 (2021)

3. Baldassarre, B., Maury, T., Mathieux, F., Garbarino, E., Antonopoulos, I., Sala, S.: Drivers
and barriers to the circular economy transition: the case of recycled plastics in the automotive
sector in the European Union. Procedia CIRP 105, 37–42 (2022)

4. Demets, R., van Kets, K., Huysveld, S., Dewulf, J., de Meester, S., Ragaert, K.: Addressing
the complex challenge of understanding and quantifying substitutability for recycled plastics.
Resour. Conserv. Recycl. 174, 105826 (2021)

5. Kershaw, P., Rochman, C.: Sources, fate and effects of microplastics in the marine
environment: part 2 of a global assessment. In: GESAMP (2016)

6. Galileu, R.: Revista Galileu (2021). https://revistagalileu.globo.com/Um-So-Planeta/not
icia/2021/06/producao-de-plastico-em-2020-diminuiu-pela-primeira-vez-desde-2008.html.
Accessed 11 Apr 2022

7. European Parliament: Directive (EU) 2019/904 of the European Parliament and the Council
of 5 June 2019 on reducing the impact of certain plastic products on the environment (2019)

8. European Parliament: Directive 94/62/EC of 20 December 1994 on Packaging and Packaging
Waste (1994)

http://www.unep.org
https://revistagalileu.globo.com/Um-So-Planeta/noticia/2021/06/producao-de-plastico-em-2020-diminuiu-pela-primeira-vez-desde-2008.html


Feasibility Study of the PET Fines 239

9. European Commission: Waste Framework Directive (2018)
10. Plastics Europe: Plastics-the Facts 2021An analysis of European plastics production, demand

and waste data (2022). https://plasticseurope.org/
11. Elamri, A., Abid, K., Harzallah, O., Lallam, A.: Characterization of recycled/virgin PET

polymers and their composites, 3(4–1), 11–16 (2015)
12. Spinacé, M., De Paoli, M.: A Tecnologia da Reciclagem de Polimeros, Química Nova (2005)
13. International Organization for Standardization: ISO 15013:2007 - Plastics—Extruded sheets

of polypropylene (PP)—Requirements and test methods (2007)
14. International Organization for Standardization: ISO 1133-1:2011 - Plastics—Determination

of the melt mass-flow rate (MFR) andmelt volume-flow rate (MVR) of thermo-plastics—Part
1: Standard method (2011)

15. A. S. F. T. A.Materials: ASTMD638 - Standard TestMethod for Tensile Properties of Plastics
(2014)

16. International Organization for Standardization: EN ISO 178:2003/A1:2005 - Plastics - Deter-
mination of flexural properties - Amendment 1: Precision statement (ISO 178:2001/A1:2004)
(2004)

17. Freixa, F., Alves, J.L., Rangel, B.: Design de novos produtos com reciclagem de PET. In: 8º
Congresso Luso-Moçambicano de Engenharia / V Congresso de Engenharia de Moçambique
(2017)

18. Oliveira, E.J.G.: Estudo sobre a processabilidade de PET reciclado obtido pelo processo de
reciclagem mecânica, Universidade do Minho (2016)

19. Santos, A.C., Silva, L.G.A.: Reciclagem do PET pós-consumo e estudo do efeito da radiação
ionizante em suas propriedades. In: 18º CBECiMat - Congresso Brasileiro de Engenharia e
Ciência dos Materiais, Porto de galinhas, Brasil (2008)

20. Sonelastic: Modulus of elasticity and Poisson’s coefficient of polymeric materials, 22 April
2022. https://www.sonelastic.com/en/fundamentals/tables-of-materials-properties/polymers.
html

https://plasticseurope.org/
https://www.sonelastic.com/en/fundamentals/tables-of-materials-properties/polymers.html


Ink Removal on Plastic Films Printed
by Flexography

Fernando Bozzola1 , Bruna Guilherme do Nascimento1 , Joel C. Vasco1,2 ,
Nelson Silva3, Fernando Lagoa3, Carlos Capela1,4 , Lizete Heleno1 ,

Marcelo Gaspar1,5 , and Nelson S. Oliveira1,6(B)

1 School of Technology and Management, Polytechnic Institute of Leiria, Leiria, Portugal
nelson.oliveira@ipleiria.pt

2 Institute for Polymers and Composites, University of Minho, Guimarães, Portugal
3 Plasmaq – Recycling Systems, LDA, Leiria, Portugal

4 Centre for Mechanical Engineering, Materials and Processes, University of Coimbra,
Coimbra, Portugal

5 Centre for Rapid and Sustainable Product Design, Polytechnic Institute of Leiria, Leiria,
Portugal

6 Laboratory of Separation and Reaction Engineering-Laboratory of Catalysis and Materials,
School of Technology and Management, Polytechnic Institute of Leiria, Leiria, Portugal

Abstract. Plastics are key engineering materials for our society and economy,
mainly due to their multifunctionality and ease of processing. Nonetheless, their
main drawback is related to the fact that when these cannot be reprocessed, they
do generate waste, which leads to several environmental impacts. Therefore, con-
sidering plastics’ circularity, minimizing their waste, and the resulting impacts,
stresses the need for these to be recyclable.One of themain challenges that concern
their recyclability is the deinking of plastic filmswhen printed by flexography. The
current technology uses non-bio-based surfactants and non-renewable surfactants,
which are harmful to the environment. Therefore, the main objective of current
research is to develop an environmentally sustainable process for ink removal
on printed post-industrial flexible plastic films using bio-based surfactants. This
process focuses on obtaining a deinked plastic that may be reprinted, avoiding
this way for inappropriate disposal or reprocessing problems. The value increase
of upcycling such post-industrial waste makes it possible to match the quality
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experimental ink removal procedure using bio-based surfactants to be effective
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1 Introduction

Plastic packaging accounts for approximately 40% of worldwide plastic use [1], with
the corresponding waste posing a significant threat to nature and the environment, thus
requiring the adoption of a greener, circular economy centered on waste avoidance
and recycling [2]. As a result of such increased plastic usage, there is a corresponding
exponential growth in plastic waste, which leads to greater demand for natural gas and
oil as raw materials for plastic manufacturing [3]. Due to the general demand for raw
materials, environmental concerns, and solid waste considerations, recycling plastic film
from industrial and household waste streams is becoming ever more important [4].

Most of the plastics currently used are almost completely derived from petrochem-
icals produced from fossil oil and gas. Thus, to manufacture these plastics, significant
amount of energy is required, which leads to a high consumption of corresponding vol-
umes of fossil fuels [5]. To minimize the effect of raw material depletion the combined
use of recycled and virgin plastics leads not only to minimize energy consumption and
reduce environmental impacts, but also, in some cases, to improve their properties [6].

Plastic filmwaste has a variety of negative environmental consequences and is a high
concern for the consumer goods industry, as large quantities of scrap plastic films are
currently disposed of in landfills or incinerated [7]. Effective film deinking technology
is a promising alternative to conventional recycling of plastic films as it allows for the
reuse of scrap plastic films usually disposed of as industrial waste [8].

The deinking of plastic films produced by flexography is one of the most significant
barriers to their recyclability as the current technology relies on non-biodegradable
and non-renewable surfactants, which are harmful to the environment [9]. This severe
constraint in the recyclability of plastic films requires urgent action to identify sustainable
alternatives to the current deinking processes. Consequently, the primary goal of this
research is to analyze and discuss the use of bio-based surfactants for ink removal on
printed post-industrial flexible plastic films. In this research, the use of aqueous bio-
based surfactant solutions for plastic film deinking was analyzed and discussed, since
these surfactants are more environmentally friendly [10].

2 Deinking of Plastic Films

The conventional methods for deinking plastic films are mostly based on non-
biodegradable and non-renewable surfactants, which require complex procedures that
result in hazardous waste with negative impacts on the environment [4]. Most of the
surfactants on the market are synthesized from petrochemical products [11]. However,
the desire to reduce the use of products that are harmful to human health and the envi-
ronment has led to the development of green surfactants, which are surfactants that are
formulated with natural, biodegradable surfactant components of biological (plant or
microbiological) origin or chemically synthesized from natural raw materials [12].

2.1 Bio-Based Surfactants

In the case of printed packaging, the presence of printing ink duringmechanical recycling
is a major issue that has a significant negative influence on the process. Given this,
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research has often been conducted to develop more efficient ways to remove ink from
plastics [8]. In this quest, it may be pointed out that aqueous surfactant solutions are
considered suitable choices for suchwork because of their biodegradability, non-toxicity,
and non-volatility [3].

The use of natural compounds instead of chemical surfactants has been explored due
to their environmental sustainability and low toxicity, as well as a range of additional
advantages [12]. These bio-based surfactants, also often referred to as green surfactants,
are acknowledged to be the next generation of industrial surfactants, as they meet most
of the requirements for low environmental impact solutions [13]. Bio-based surfactants
are key in the current research effort towards greening industrial processes, as these
compounds may be considered environmentally friendly due to their low (or absent)
toxicity and high biodegradability [14].

The term bio-based surfactant refers to a surfactant produced by a chemical or
enzymatic process that uses renewable substrates as raw materials [15]. According to
ISO/DIS 21680, a bio-based surfactant is defined as a surfactant wholly or partly derived
from biomass (based on biogenic carbon) [16]. Because bio-based surfactants frequently
require extra features to increase their functional qualities, combining bio and petroleum-
based feedstocks has been one approach for overcoming some of the green surfactants’
functional constraints [15]. To support analyzing the bio-based surfactants’ sustainability
standards, the European Commission of Standardization in its EN 17035:2021 standard
has defined categories for biosurfactants, including >95% totally bio-based, 50–94%
majority bio-based, 5–49% minority bio-based, and 5% non-bio-based [17].

2.2 Ink Removal on Plastic Films Using Bio-Based Deinking Agents

When recovering rigid plastics or plastic films, deinking is a critical step toward valu-
ing plastic waste in subsequent mechanical recycling stages. Considering that during
their production operations, plastic film industries generate between 8% and 12% of
printed scrap [8], it is key to develop and implement sustainable solutions to improve
the circularity of such post-industrial waste.

On what refers to plastic films, such deinking even allows for recovering unwound
film rolls to be reprinted and reused. To such an end, innovative solutions by Piolat [18]
and Gamma Meccanica [19] allow foreseeing sustainability benefits by valuing post-
industrial waste into new rawmaterials without the need for recycling, or to further value
its recirculation.Nevertheless, such solutions still provide for revalued rawmaterialswith
low mechanical and optical properties [8].

Deinking, which involves the removal of various colors and layers of ink from the
plastic film, might be considered a laundering process, as it requires the removal of ink
from the surface, which is adhered to it by Van-der-Waals, electrical, and mechanical
forces [4]. As above mentioned, most of the current deinking procedures for plastic
films use non-biodegradable and non-renewable surfactants [4]. Nevertheless, increased
research effort is being put towards the use of bio-based agents in the deinking of plastic
films [4, 20, 21]. Furthermore, biosurfactants are more effective in reducing surface and
interfacial tensions than synthetic counterparts, and they canwithstand high temperatures
as well as extreme pH and ionic strength [20].
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To analyze and discuss the deinking efficiency on plastic films, different parameters
and variables must be addressed. The performance of the deinking agent depends on
many aspects like pH and temperature [3], type and concentration of the deinking agent
[21], or time and mechanical action [4]. Therefore, to study the removal of ink from
printed plastic films it is key to consider the impact and effects of such process variables.

3 Materials and Methods

3.1 Materials

For this study, samples of a colorless clear transparent polyethylene film, printed by
flexography with different conditions were analyzed. The clear transparent LDPE film
was printed for commercial purposes with a final layer of 50 µm thickness. The printed
film prints are constituted by the intermediate combined intermediate layers presented
in Table 1.

Table 1. Summary of the print layers of the current case study.

LDPE film print

White

Yellow

Magenta

Black

Green

Blue

To perform the deinking of plastic films, surfactants may be needed to reduce the
surface or interfacial tension at the air/water, ink/water, and plastic/water interface, and
this can increase the wettability of the solution and allow alkali to penetrate between the
ink particle and the plastic film. The surfactant used in this case study was the BIO 691
from the Bioloop product family, manufactured by Lankem Ltd. (UK). It is bio-based
and, therefore, is not harmful to the environment, according to the EC regulation no.
1272/2008. The surfactant was used as supplied and diluted on deionized water for the
testing conditions at approximately pH 8.

3.2 Deinking Tests

To carry out the experimental deinking test procedures, a total of 16 subsamples were cut
into approximately 1 by 5 cm long strips. These tests were performed to collect results
for 4 factors: Surfactant concentration, bath temperature, bath time, and brushing.

Half of the plastic film strips were submitted to a set of experimental deinking test
procedures at room temperature, whereas the remaining samples were tested at 40 °C.
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With the use of a 1–5 mLM5000 adjustable volume manual pipette, tweezers, test tube,
glass beakers, digital thermometer and a RCT Basic Safety Control magnetic agitation
plate, the samples were submerged in each test tube of 30 ml for the 30 s and 1 min tests.
The surfactant solutions of 5% and 2.5% were freshly prepared with distilled water for
each sample, and the pH level of the aqueous surfactant solution was not adjusted. The
samples were agitated using the magnetic stirrer.

After draining, the film strips were submitted to brushing, washed with water, and
dried. The 16 plastic film strips were randomly collected to analyze the level of deinking.
Each processed sample was visually and qualitatively assessed.

3.3 Design of Experiments

For theDesign of Experiments (DoE) analysis, five levels of performance of the deinking
process were assigned. The classification used for the deinking performance is shown
in Table 2.

Table 2. Classification used for the deinking performance.

Classification Description

No deinking (1) No evident effects of the surfactant agent

Poorly deinked (2) Low or no effect of the surfactant agent

Lightly deinked (3) Slight and visible effects of the surfactant agent

Mostly deinked (4) Evident effects of the surfactant agent, but not full deinking

Fully deinked (5) Full deinking achieved

Table 3. Testing conditions for the DoE analysis.

StdOrder Surfactant concentration
[%]

Bath temperature [ºC] Bath time [s] Brush [iteration]

1 2,5 25 30 1

2 5 25 30 5

3 2,5 40 30 5

4 5 40 30 1

5 2,5 25 60 5

6 5 25 60 1

7 2,5 40 60 1

8 5 40 60 5

9 2,5 25 30 5

10 5 25 30 1

(continued)
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Table 3. (continued)

StdOrder Surfactant concentration
[%]

Bath temperature [ºC] Bath time [s] Brush [iteration]

11 2,5 40 30 1

12 5 40 30 5

13 2,5 25 60 1

14 5 25 60 5

15 2,5 40 60 1

16 5 40 60 5

The factorial design analysis created results on 24 condition tests to use on the
Minitab software [22]. With performance as the response variable, the expected output
was related to the increase in performance of the chemical reaction. To such end, four
factors were tested, namely the bath temperature (25 ºC and 40 ºC), surfactant concen-
tration (5% against 2.5%), bath time (30 s against 1 min) and impact of brushing (once
to five times), as listed in Table 3.

4 Results and Discussion

Deinking relates to removing the printing layers on the plastic film. The strips were
treatedwith 2.5% and 5%of surfactant solutions at approximately pH 8 andmagnetically
stirred. For the set of analyses carried out, the deinking level of the 16 samples was
established and classified according to the criteria presented in Table 2.

Figure 1.a) shows a sample where no evidence of deinking was observed due to
the action of the surfactant, while in the sample Fig. 1.b) it was possible to identify a
reduced effect of the surfactant. Figure 1.c) depicts visible effects of deinking, but not
too effective. Finally, Figs. 1.d) and 1.e) show the best deinking results, particularly
those of Fig. 1.e), where complete deinking took place.

Table 4 shows the deinking performance results obtained for each testing procedure,
ordered from the best deinking performance to the less performing condition.

From Table 4, it is possible to observe that the bath temperature is the most critical
factor in the effectiveness of the deinking process. Figure 2 plots the main effects of
surfactant concentration, bath temperature, bath time and brushing iterations for the
deinking performance.

Themain effects on the impact of deinking performance are the bath temperature and
the surfactant concentration, as can be observed in Fig. 2. When the bath temperature
is 40 ºC, the deinking performance is significantly higher when compared to the same
results for a temperature of 25 ºC. Following the same trend, the deinking performance
is significantly improved for the higher surfactant concentration. On what refers to the
bath time and brushing iterations, the deinking performance is less affected but follows
the same trend as the other factors for the higher values.
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Fig. 1. Classification of the processed samples.

Table 4. Deinking performance results.

StdOrder Surfactant
concentration [%]

Bath temperature
[ºC]

Bath time [s] Brush [iterations] Deinking
performance

4 5 40 30 1 5

8 5 40 60 5 5

12 5 40 30 5 5

16 5 40 60 5 5

3 2,5 40 30 5 4

7 2,5 40 60 1 4

11 2,5 40 30 1 4

15 2,5 40 60 1 4

6 5 25 60 1 3

14 5 25 60 5 3

2 5 25 30 5 2

5 2,5 25 60 5 2

10 5 25 30 1 2

1 2,5 25 30 1 1

9 2,5 25 30 5 1

13 2,5 25 60 1 1

On what concerns the sustainability of the deinking process, a detailed analysis of
the entire lifecycle of all materials involved would be required. For the current results,
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Fig. 2. Main effects plot for performance (fitted means).

however, it is important to note that the most relevant factors for the deinking process
are the same factors that need to be balanced.

A higher bath temperature requires additional energy when compared to the lower
temperature condition. Considering that such increased demand for electric energy may
have different economic and environmental impacts, namely, regarding alternative fossil
fuel or renewable sources, further analysis of the life cycle impacts is required.

When considering the effect of the surfactant concentration, the use of an eco-friendly
surfactant may be beneficial to the process not only from the standpoint of enhancing
the deinking process but also from the sustainability perspective. Thus, the increased use
of an eco-friendly surfactant may have a lower environmental impact when compared
to the alternative solution of increasing the bath temperature to 40 ºC. Nevertheless, the
energy required to produce the surfactant agent is not considered in this case study. This
supports the need for a complete life cycle assessment of the proposed deinking process
as further research.

5 Conclusion

The current research case study focused on the process of ink removal on plastic films
printed by flexography. Considering that the printed layers are some of the main chal-
lenges to address when discussing the circularity of recycling such coated plastics, the
use of bio-surfactants was proposed to lower the environmental impacts on its deinking
process.

Dedicated laboratory deinking procedures were undertaken with transparent
polyethylene films printed by flexography with different conditions. Preliminary results
showed the dedicated experimental ink removal procedure using bio-based surfactants
to be effective in the removal of the coated layers on post-industrial waste films.

A design of experiments analysis was conducted with five levels of performance of
the deinking process. To such end, four factors were tested, namely the bath temperature,
surfactant concentration, bath time and the impact of brushing. The computed results
showed the bath temperature and the surfactant concentration to have the highest impacts
on the deinking performance.

As the main findings, it was highlighted that the higher bath temperature and the
higher surfactant concentration were beneficial in maximizing the results of the deinking
process. However, to discuss the environmental sustainability aspects of the proposed
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deinking process using bio-based surfactants, future research analyzing the life cycle
assessment of the process is required.
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Abstract. The search for strategies that contribute to a circular economy, based
on the valorization of by-products of the most diverse industries and processes,
is one of the main objectives nowadays. This study aims to evaluate the possibil-
ity of the by-products valorization, resulting from gasification and carbonization
of polymeric residues and biomass of natural origin, through their application in
adsorption processes. The selected residues and carbon by-products resulting from
the thermochemical conversion by gasification and carbonization processes, after
their physical and chemical characterization, were evaluated intending to find if it
was possible to improve their structural and chemical properties to apply them in
adsorption processes. The characterization of the materials and samples prepared
in thiswork involved a variety of analytical techniques as Thermogravimetric anal-
ysis (TGA), Polarized attenuated Fourier transform infrared spectroscopy (FTIR-
ATR), X-Ray fluorescence (XRF) andNitrogenAdsorption at 77K. It was possible
to see that the material has between 40 and 50% of volatile matter and when car-
bonized these values are between 5 and 10%. Regarding the higher calorific value,
the carbonized materials had an increase of approximately 9% in relation to the
material without pre-treatment. It was verified that the apparent surface area (BET)
of these chars was between 100 and 300 m2g-1.

Keywords: Circular economy · Adsorption · Carbonization · Biochars

1 Introduction

The search for strategies that contribute to a circular economy, based on the valorization
of by-products derivate from the most diverse industries and processes, is one of the
main objectives nowadays. For this reason, it is important to try to use residues from
different sources and give them different uses.

Solid waste management is a global problem. Has a high cost, and worldwide is
around 2.01 billion tons of municipal solid waste per year (Kaza et al. 2018). In the
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future, waste is expected to grow worldwide to 3.40 billion tons by the year 2050. At
the Global level, most waste is currently dumped or disposed of in landfill (Kaza et al.
2018).

The total production of municipal solid waste in Portugal was approximately
5278502 tons in 2020, corresponding to an annual capitation of 512.6 kg/(habitant/year),
a daily production of solid waste of 1.4 kg per habitant (Environment State Portal 2022).
The most employed strategies for energy recovery from waste are refuse incineration or
raw waste processing. From the raw waste processing it is obtained a refuse derived fuel
(RDF) (Nobre et al. 2019). These residues are passive to be valorized by flow chemi-
cal technology, pyrolysis and gasification (Abdel-Shafy and Mansour 2018). There are
another type of residues generated by agricultural activity, like residues from Olive tree
pruning (OTP), they are organic waste materials and can be valorized to produce green
fuels and value-added products through thermochemical conversion processes (Okolie
et al. 2022). Lignocellulosic biomass is characterized by being a heterogeneous material
in composition, hygroscopic nature, high moisture content low calorific value and low
bulk density (Sarker et al. 2021). Biomass is composed normally by 40–50% cellulose,
25–35% hemicellulose, 15–20% lignin (Ginni et al. 2021).

Usually, the energy recovery of agricultural residues can be done by non-oxidative
and oxidative thermochemical processes such as combustion, gasification and pyrolysis
(Ginni et al. 2021).

This work aims to use by products and transformed them in added value products that
can be used to other ends, such as adsorbents of pollutants, filters, and others (Mourão
et al. 2006). The full characterization of the raw materials and selected samples will
be presented and discussed in order to confirm the potential of this strategy for the
production of adsorbent materials.

2 Experimental

2.1 Samples

The raw biomass used for this study were CMC and OTP. The OTP, Fig. 1, is a lig-
nocellulosic biomass well studied, and it comes from olive tree branches. The CMC
biomass is showed in Fig. 2 and it’s characterized for being from pine tree and a has in
the composition really small part of plastic residues. This CMC biomass originates from
the recycling of furniture and residues from the manufacturing process, it is supplied by
a Portuguese company called CMC Biomassa. The reception of the samples was made
at BioBip Energy, and the samples are described above.

Fig. 1. Aspect of the samples used for this work. OTP raw, Carbonized OTP (100%) and
Carbonized OTP+RDF (90–10%).
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Fig. 2. Aspect of the samples used for this work. CMC raw, Carbonized CMC (100%) and
Carbonized CMC+RDF (90–10%).

2.2 Methods

2.2.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed by a STA6000 analyzer
(PerkinElmer), 30 ºC and 995 ºC in steps of 10 ºC /min. An initial ramp segment of
30 ºC/min was used to reach the selected temperature, chosen by the authors to yield
highly carbonized biochars. The TGA analysis was purged without gas flow, the analysis
was performed with a mass of sample around 5 mg.

2.2.2 Fourier-Transform Infrared (FTIR) Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) spectra were collected using a Thermo
Scientific model Nicolet iS10 ATR SMART iTR in transmission mode from 500 to
4000 cm−1 with a resolution of 1 cm−1. For the more heterogeneous samples, 3 scans
were collected to ensure the accurse of the sample. For the other samples was collected
just on sample.

2.2.3 Nitrogen Adsorption at 77K

Brunauer-Emmett-Teller (BET) specific surface area analysis was performed using
Micrometrics, model ASAP 2020. The samples were analyzed under nitrogen atmo-
sphere (adsorption-desorption isotherms at 77 K) in a volumetric working device.

2.2.4 Calorimetric Analysis

For the Calorimetric analysis, the procedure used is based on ASTM E711-87 standards
and using a digital heat pump, model IKA C2000. Samples were previously dried and
homogenized, and weighed about 0.5 ± 0.1g. This Calorimetric analysis give the PCS
(higher calorific value) of the material.

2.2.5 X-Ray Fluorescence (XRF) Analysis

X-Ray fluorescence analysis was performed at a Thermo Scientific NitonXRFAnalyzer.
This analysis was performed with a weighted media of three analyses.
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3 Results and Discussions

The main objective of this work is to evaluate the possibility of the by-products val-
orization, resulting from gasification and carbonization of polymeric residues and lig-
nocellulosic biomass, through their application in adsorption processes. The obtained
samples of all the rawmaterial, the carbonized rawmaterials and selected mixtures were
investigated by a set of characterization techniques.

3.1 TGA Analysis

TGA analysis is a method used to determinate the sample weight changes in function
of temperature (Abdel daiem et al. 2021). DTG is the name given to the derivate of the
TGA analysis. In this work the TGA/DTG analysis was implemented from 30 ºC up to
950 ºC at a step of 10 ºC per minute.

In the Fig. 3 and Fig. 4 it is possible to see that both biomasses have a low humidity
content, and that the CMC rawmaterial has a much higher ash content that the OTP raw.

For the raw biomasses, the first changes on the curve where derived from the drying
of the biomasses materials and also some moisture and certain volatile compounds are
eliminated, normally from the initial temperature until 180 ºC (Garcia-Maraver et al.
2013).

When considered lignocellulosic biomasses, the degradation temperature of the
hemicellulose and lignin is lower them the found in the cellulose (Garcia-Maraver et al.
2013). It is also important to point out that a material with a high percentage of ashes
and impurities have lower initial degradation temperatures (Garcia-Maraver et al. 2013).

Hemicellulosic component began to break down at temperatures above the 180 ºC
(Garcia-Maraver et al. 2013). The maximum weight was verified in the region of fast
combustion approximately between 280 ºC and 480 ºC. The profiles of the thermogravi-
metric curves show that the CMC biomass presents an initial inertia to transformation,
reaction and degradation as a function of temperature, higher than that of the OTP, which
is even more evident in the upper temperature range (around 400 ºC).

The thermal behavior of the RDFs, Fig. 5, is clearly different, which is explained by
the nature and composition of thismaterial.Weare in the presence of amaterial composed
of a mixture of constituents of very different natures (inorganic and organic), namely
plastics, rubber, aluminum, food waste, wood, inerts and others, which determines a
distinct thermogravimetric profile, with very distinct reactivity and mass loss. Reactivity
and mass variation occur with particular incidence in the range between 250 and 550 ºC,
and the final residual mass reaches very high values, around 50%.
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Fig. 3. Graphic of the TGA analysis for the sample OTP raw.

Fig. 4. Graphic of the TGA analysis for the sample CMC raw.
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Fig. 5. Graphic of the TGA analysis for the sample RDF raw.
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In the Fig. 6 and Fig. 7 it is possible to see that both carbonized biomasses have a low
humidity content (possible from atmospheric air), and a small amount of volatile matter
and a really high percentage of fixed carbon. This behavior is typical of carbonized
biomasses and its present for both biomasses, CMC and OTP raw.
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Fig. 6. Graphic of the TGA analysis for the sample Carbonized CMC (100%).
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Fig. 7. Graphic of the TGA analysis for the sample Carbonized OTP (100%).

For the mixtures presented in the Fig. 8 and Fig. 9 they have a similar behavior than
the carbonized biomasses.
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Fig. 8. Graphic of the TGA analysis for the sample Carbonized CMC+RDF (90–10%).
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Fig. 9. Graphic of the TGA analysis for the sample Carbonized OTP+RDF (90–10%).

3.2 FTIR Spectroscopy

FTIR spectroscopy is used to identifying the functional groups presents in the samples,
the type of chemical bonds, namely the presence of specific atoms, like oxygen, sulfur,
chlorine or other heteroatoms, in the samples that could play an important role on the
adsorption process(Pijović et al. 2022).

The Fig. 10, Fig. 11 and Fig. 12 referred to the FTIR analysis of the samples. It
is possible to see that there are not relatively big differences between the carbonized
samples (just biomass andmixtures). For de RDF there is a really big difference between
the raw material and the carbonized, the large majority of the functional groups present
on the raw material are not in the carbonized material. This feature could be explained
by the strong impact that the thermal treatment have on this composed material, leading
to a more poor material from the chemical pint of view.

According to Maneerung et al. (2016) the principal functional groups found at the
samples are the bands located between 3200–3500 cm−1 which can possible be attributed
to the O–H stretching of the hydroxyl groups. The bands seen at approximately 2928
and 2398 cm−1 can possible be assigned to the C–H stretching of the methyl groups. The
bands that are presented at approximately 1066 cm−1 can possible be assigned to the
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C–O, and the bands between 1610–1700 cm−1 are from the groups C=O stretching of
the carboxyl groups. At around 900 cm−1 it is possible to see the vibration of aromatic
compounds (Maneerung et al. 2016).
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Fig. 10. Graphic of FTIR analysis for the sample OTP raw, Carbonized OTP and Carbonized
OTP+RDF (90–10%).
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Fig. 12. Graphic of FTIR analysis for the sample RDF raw and Carbonized RDF.

3.3 Nitrogen Adsorption at 77K

The specific surface area of samples was calculated according to the Brunauer-Emmett-
Teller (BET) method. It was used the linear part of the nitrogen adsorption isotherms for
each sample (Pijović et al. 2022).

In Table 1 are showed the values obtain for the apparent surface area (BET) of the
carbonized materials. The values obtain for these samples are approximately between
180 and 215 m2/g.

It is reported by Maneereung et al. (2016) that on char of mesquite wood chips,
similar to the biomasses on study, the surface area (BET) of the char was 172.24 m2/g.
For the sampleCMCwe can observe that the incorporation of theRDF leads to a decrease
on the surface area (BET) For the sample OTP, it’s the contrary, the incorporation of
the RDF material increases the BET Surface Area in 10 m2/g. Although the variations
observed are slight, this distinct behavior can be explained by the different nature of the
biomass precursors, which will lead to the formation of lightly different RDF-Biomass
interactions. This interpretation can be confirmed byFTIR analysis, which highlights this
slight difference of chemical nature, and now also a structural variation with measurable
consequences by BET analysis.

Table 1. Values obtained for BET analysis for the carbonized samples.

Sample SBET (m2/g)

Carbonized CMC (100%) 211

Carbonized CMC + RDF (90–10%) 182

Carbonized OTP (100%) 199

Carbonized OTP + RDF (90–10%) 210



Evaluation of the Possibility to Use By-Products of Gasification 259

3.4 Calorimetric Analysis

In Table 2 are showed the results of PCI for all the samples in study. For the carbonized
materials the PCI increases. The PCI reported by Fawzy et al. (2022) for the biomass of
OTP raw is 17.61 MJ.kg−1. In this study the value found was 17,65 MJ.kg−1. Thereby,
the values are suchlike. The CMC biomass is also comparable with this value. The
carbonized material has a higher PCI, because has a more concentrated carbon yield.

Table 2. Higher calorific value (PCI) values obtained for each of the studied samples.

Sample HHV (MJ/kg)

CMC raw 16,387

OTP raw 17,650

RDF raw 18,530

Carbonized CMC (100%) 24,588

Carbonized OTP (100%) 27,520

Carbonized RDF (100%) 29,136

Carbonized CMC+RDF (90–10%) 19,240

Carbonized OTP+RDF (90–10%) 26,910

3.4.1 XRF Analysis

When we talk about thermochemical processes it is very important to considerate the
Cl content of the material, since if the concentration of Cl is high it can bring serious
problems as the deterioration of the equipment’s and formation of toxic gasses. In Table 3
it is displayed the Cl content of itch sample. The RDF is the sample that has the highest
Cl content. For these samples the carbonization decreases the Cl content in the samples.
For the rest of the representative elements, are showed in the Fig. 13, this graphic tells
that the elements in higher concentrations are the Ca and K, and the elements with lower
concentration are the S and Zn. The percentage of chlorine present in the biochars tends
to increase with increasing when carbonized the material, due to the loss of mass of the
sample and the devolatilization of the chlorine that is deposited on the sample surface
(Mota-Panizio et al. 2022). In this case, it doesn’t happen.
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Table 3. Cl content values obtained for each of the studied samples.

Sample Cl content (%m/m)

CMC raw 0,36

OTP raw 0,23

RDF raw 0,85

Carbonized CMC (100%) 0,22

Carbonized OTP (100%) 0,12

Carbonized RDF (100%) 0,27

Carbonized CMC + RDF (90–10%) 0,16

Carbonized OTP + RDF (90–10%) 0,15

Fig. 13. Representative elements of the mineral composition of the material.

4 Conclusions

The production of carbon-neutral materials from renewable resources, as the ones
showed, is playing an increasingly important role in gradually replacing traditional fossil
processes and has received extensive attention from the academic field.

The CMC biomass has more ash content that the biomass OTP. With the FTIR
analysis is proved that there are changes in the functional groups of the biomass when
added the RDF, but it’s considered that the changes are not that significant. In terms of
BET surface area analysis, the CMC biomass shows a lower BET surface area is lower
when add the RDF. For the OTP it’s the contrary, the BET surface area increases when
the add RDF. The PCI and the Cl content of the samples lead us to believe that these
materials are adequate for thermochemical valorization. This is a preliminary study, that
aims to characterize the raw biomass for future works that will be performed with this
chars. With the results obtained in this study the authors consider these materials have
potential for activation and future studies.
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Abstract. The general aim of the researchwas to analyse the scientific production
on the circular economy of water in the Web of Science database. The systematic
and integrative review used the Methodi Ordinatio, which made it possible to
identify the most relevant articles on the circular economy of water. The main
findings were the identification of 38 articles on the circular economy of water,
in which the years 2018 and 2020 were the years with the most publications.
The contexts already studied demonstrated that the circular economy is related
to assessing the life cycle, the techniques related to the reuse and recovery of
water, education models and strategic issues. The areas surveyed were mainly
associated with the public area, tourism, entrepreneurship and manufacturing. It
is essential to emphasise the importance of research related to water since the
concern with this resource has been observed. The discussions are far from being
exhausted; therefore, a proposal for a future agenda has been presented, indicating
the direction for future research about the theme.

Keyword: Sustainability · Circular economy ·Water

1 Introduction

Freshwater consumption has increased sharply since 1950. Conversely, since 2000, con-
sumption has remained stable. The countries that most withdraw freshwater are India,
China and the United States. The biggest water consumers are agriculture, around 70%;
industries, about 19%; and cities, about 11% [1].

The countries that consume the most water in their industrial operations are the
United States, around 300 billion m3 per year; China, around 140 billion m3; Russia,
about 40 billion m3 and Brazil, about 12 billion m3 per year. All this water consumption
is seen as worrying since the risk of water scarcity may occur [1]. However, industries
are seen as drivers of economic development in countries. On the other hand, many
of these industries need to consume a significant volume of water in their production
systems [2].

Because of this concern about water consumption on the planet, which may face a
water deficit by 2030 [3, 4], there has been an increase in concern about the possible
lack of water and, consequently, seeking to reduce consumption. However, this practice
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alone may not be enough, and therefore, it is necessary to seek other ways to meet the
total water demand. One way that has been drawing attention in the circular economy
is the reuse of water [5]. Mannina et al. [6] reinforce that the circular economy of water
should direct attention to aspects related to technology, social and economic issues and
legislative aspects.

Due to the concern presented in the 2030 Agenda, which proposes the 17 sustainable
development goals (SDGs), which include SDG 6 - drinking water and sanitation, which
values the efficient use of water and reuse technology and the SDG 9 – industry, inno-
vation and infrastructure which seeks to make industries more sustainable and seeking
to adopt cleaner production processes [7].

Faced with a possible water scarcity scenario, studies related to the consumption or
reuse of water is necessary. Since it is necessary for the survival of individuals, several
industries depend on water and have a prominent role in sustainable development [3, 8].

In this sense, the general aim of the research was to analyse the scientific production
on the circular economy of water in theWeb of Science database. The specific objectives
are: (i) to identify the articles that relate the circular economy to water; (ii) identify the
most relevant journals on the subject; (iii) identify the ten most relevant articles on the
subject; (iv) to analyse in an integrative way the articles identified on the subject; (v)
propose an agenda for future studies.

The article is organised as follows: in this first section, the importance of the theme
is presented together with the proposed aims; in the second section, the methodological
course of the research is presented; the third section contains the results and discussions
and; finally, the last section presents the final considerations together with the limitations
of the research.

2 Methodology

The present research is a systematic literature review; the selected database was theWeb
of Science; Methodi Ordinatio was used to identify the most relevant articles on the
subject; to analyse the results, a quantitative approach was used, and integrative analysis
of the ten most relevant articles on the subject under study was carried out.

The research is a systematic review as it aims to identify and recognise research on
a particular theme. In addition to methodological rigidity, it aims to answer a research
question and synthesises the identified works [9–11]. It is necessary to choose a database
to carry out a systematic review. TheWeb of Science was chosen in the present research,
as it is among the most reputable databases [12].

For the research to have methodological rigidity, the Methodi Ordinatio was used,
which is considered a systematic review methodology that aims to direct the research,
assist in data collection and classify articles with the help of JabRef, Mendeley and
Microsoft Excel software [13].

MethodiOrdinatio has the InOrdinatio index,which aims to identify themost relevant
articles on a given topic; this index takes into account the impact factor of the journal, in
the present research, it takes into account the JCR; the year of publication of the article
and, finally, the number of citations that the article has on Google Scholar [14].
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Entering the searches for articles on the research topic, which took place in May
2021, the Web of Science database was accessed, and the following strings ‘circular
economy’ AND ‘water’ were used, considering only the titles of the articles. In the
first round of searches, 49 documents were identified. The ‘Article’ filter was applied,
identifying 39 articles. The next step was to analyse all the titles of the articles, which
identified and excluded a duplicate article. Finally, 38 articles were considered, and the
InOrdinatio index was calculated to identify the ten most relevant articles on the subject
under study.

After identifying the twelve most relevant articles, two articles were excluded from
the final analysis because titles, abstracts and keywords, were not aligned with the focus
of the present research. It was possible to identify the history of publications per year by
analysing the results obtained. It was possible to identify the most relevant journals on
the subject, generating an index that divides the number of total citations by the number
of articles published in the journal. The titles and keywords of the ten articles were
analysed using Word Cloud, which emphasises the most repeated words.

In order to carry out a deeper analysis of the most relevant articles, the integrative
analysis was used, which seeks to present a synthesis of the knowledge presented in the
analysed articles [15]; and, finally, this research proposes an agenda for future research
based on the ten most relevant articles on the subject.

Table 1 presents the general and specific aims of the research and the methodological
procedures in a summarised way used to achieve the aims proposed in the research.

Table 1. Summary of methodological procedures adopted.

General aim Specific aims Methodological procedures

To analyse the scientific
production on the circular
economy of water in the Web
of Science database

(i) identify the articles that
relate the circular economy
to water

Database: Web of Science and
Methodi Ordinatio

(ii) identify the most
relevant journals on the
subject

Descriptive Statistics and
Citation Index by the number
of articles

(iii) identify the ten most
relevant articles on the
subject

InOrdinatio Index

(iv) to analyse in an
integrative way the articles
identified on the subject

Integrative analysis of the ten
most relevant articles

(v) propose an agenda for
future studies

After presenting the methodological procedures used in this research, the following
section presents the research results and discussions.
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3 Analysis and Discussion of Results

Entering the analysis of the results obtained, Fig. 1 presents the history of scientific
production on the circular economy of water. The most publications were in 2018 and
2020, with 9 and 16 publications, respectively.

Fig. 1. History of scientific production on Circular Economy of Water.

In Table 2, the most relevant journals, considering the index that calculates the total
number of citations divided by the number of articles. The Journal of Cleaner Production
stands out as the leading journal that publishes on the subject under study has a JCR
index of 7.246.

Table 2. The most relevant Journals on the subject.

Ranking Journals JCR No. of articles Quotes Index

1 Journal Of Cleaner Production 7,246 6 324 54,0

2 Science Of The Total Environment 6,551 1 41 41,0

3 Water Science And Technology 1,638 1 35 35,0

4 Journal Of Environmental Management 5,647 2 53 26,5

5 Advanced Science 15,84 1 26 26,0

6 Technological And Economic
Development Of Economy

2,194 1 26 26,0

7 Journal Of Material Cycles And Waste
Management

1,974 1 25 25,0

8 Future Of Food-Journal On Food
Agriculture And Society

– 1 13 13,0

(continued)
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Table 2. (continued)

Ranking Journals JCR No. of articles Quotes Index

9 Comparative Economic Research-Central
And Eastern Europe

– 1 10 10,0

Journal Of Hazardous Materials 9,038 1 10 10,0

Waste Management 5,448 1 10 10,0

Table 3 presents the ten most relevant articles on the circular economy of water
considering the InOrdinatio index. It is observed that the leading publications on the
subject were published in the last five years. Therefore, it can be considered a current
topic.

Table 3. Articles identified on Circular Economy of Water.

Ranking Article title Authors/Year InOrdinatio

1 Two life cycle assessment (LCA) based methods to
analyse and design complex (regional) circular
economy systems. Case: making water tourism more
sustainable

[16] 265,007

2 Sewer-mining: A water reuse option supporting
circular economy, public service provision and
entrepreneurship

[5] 123,006

3 Circular economy model for recycling waste
resources under government participation: a case
study in industrial wastewater circulation in china

[17] 116,016

4 Circular economy model framework in the European
water and wastewater sector

[8] 115,002

5 LCA of greywater management within a water
circular economy restorative thinking framework

[18] 111,007

6 Integrated circular economy and education model to
address aspects of an energy-water-food nexus in a
dairy facility and local contexts

[19] 105,007

7 Policy narratives of circular economy in the EU -
Assessing the embeddedness of water and land in
national action plans

[20] 102,007

8 Micropollutants in Lake Como water in the context of
circular economy: A snapshot of water cycle
contamination in a changing pollution scenario

[3] 100,009

(continued)
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Table 3. (continued)

Ranking Article title Authors/Year InOrdinatio

9 Environmental sustainability in the
food-energy-water-health nexus: A new methodology
and an application to food waste in a circular
economy

[21] 100,005

10 Enhancing a Transition to a Circular Economy in the
Water Sector: The EU Project WIDER UPTAKE

[6] 100,003

In Fig. 2, the Word Cloud of the titles and keywords of the ten most relevant articles
are presented, highlighting the words ‘Circular’, ‘Economy’, and ‘Water’, demonstrat-
ing that these words are aligned with the theme proposed in the research. Words like
‘Assessment’, ‘Waste’, ‘Wastewater’, and ‘Analysis’ stand out.

Fig. 2. Word clouds of titles and keywords of the ten most relevant articles on the topic.

Entering the integrative analysis of the studies, Scheepens, Vogtländer and Brezet
[16] proposed the eco cost model applied to identify the potential adverse effects on
circular businessmodels in the sustainable aquatic tourism segment.With the application
of the model, it was possible to identify satisfactory results concerning the product in
the environmental aspect. However, it obtained unsatisfactory results in the social aspect
concerning the client.

The research by Makropoulos et al. [5] discussed the various forms of water reuse
techniques to understand their strengths and weaknesses. One of the techniques tested
was sewage mining, which carried out a pilot test. In this study, two tools were identified
that assist in planning to estimate the amount of non-potable water energy consumed and
identify sites for installing sewage mining units. Therefore, it is seen as an opportunity
for small and medium-sized companies to offer this type of service. It is concluded that
sewage mining is seen as a valid alternative to meet the demand for drinking water.

The study by Shen, Li and Wang [17] presents a systematic economic model to
assess issues related to the circular economy. The study was carried out in China, and its
aim was industrial wastewater, which identified a gap between the price charged and the
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cost of water processing. The authors highlight the importance of government in matters
relating to taxation and taxes.

Smol, Adam and Preisner [8] proposal is a circular economy model related to water,
considering reduction, recovery, reuse, recycling, and rethinking consumption. In addi-
tion to considering the technological aspects, this proposal includes social and organi-
sational issues. The model can evaluate and evolve aspects of the circular economy of
water.

The study by Dominguez et al. [18] sought a life cycle assessment to compare
three water reuse scenarios to identify the most environmentally correct technology.
The research findings indicate that photovoltaic photocatalysis technology powered by
sunlight has the lowest environmental impact, thus becoming an outlet for greywater
reuse.

The research by Kilkiş and Kilkiş [19] aimed to relate educational models towards
circular economic systems seeking a more sustainable future. The research aim was a
dairy with biogas production in Turkey that a university created. Scenarios relating to
renewable energy sources were analysed. Based on the results obtained, students became
more involved in classes, visualised possible paths that do not harm natural resources
and prepared professionals with sustainable concerns from university.

Fidelis et al. [20] proposal analysed how land and water are incorporated in the
circular economy plan issued in 2015 and 2020 in the European Union. The results
indicate that water and land do not arise as concerns compared to waste and materials.
He also noted that the circular economy theory stresses the importance of water and land.
However, this has not been happening according to the results presented in practice. For
the circularity ofwater to occur, countriesmust have robust public policies for protection.

The study by Castiglioni et al. [3] investigated lagoons in Switzerland and Italy,
which were contaminated; the results showed that public policies could influence the
use of chemicals in their drugs.

The recent research by Slorach et al. [21] presented a new methodology to quantify
the environmental impacts of food production in a circular economy context, which
considers energy, water and health from the perspective of life cycle assessment. The
main findings of the research identified that in the context studied, the issue of circularity
cannot necessarily be considered environmentally sustainable. The methodology proved
efficient for elaborating policies and organisations towards environmental impacts.

The study by Mannina et al. [6] sought to discuss the barriers to transforming the
circular water economy. Barriers related to technological, organisational, social, eco-
nomic and regulatory issues were identified. However, these barriers must be considered
in public policies seeking to recover resources.

The circular economywas related to the life cycle assessment [16, 18, 21], techniques
related to water reuse and recovery [3, 5, 6, 17, 18], education models [19] and Strategy
[20]. The research object was sustainable tourism [16], public area [3, 5, 6, 8, 17, 20],
entrepreneurship [5], manufactures [19], and food waste [21].

After the integrative analysis of the studies, it was possible to generate insights and
propose a research agenda to direct future research, as follows:

(i) Due to the high energy consumption in greywater photocatalysis, identify new
renewable energy sources to use this technology [18].
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(ii) LCA effectively assesses environmental aspects, but it is necessary to include
in-depth analyses of technologies and economic issues to carry out a sustainable
treatment for greywater [18].

(iii) Expand the proposal presented by Kilkiş and Kilkiş [19] in other contexts, as stu-
dents will already be familiar with circular economy issues and, consequently,
these students, being agents of change, will be able to direct them to more
sustainable paths.

(iv) It is suggested that future studies follow the guidelines of Fidélis et al. [20] and
analyse other contexts, countries such as China, India and the USA that consume
a significant amount of water.

(v) The model proposed by Slorach et al. [21] is a robust multi-criteria analysis
methodology that can assess environmental impacts in different contexts.

(vi) It is suggested that the methodology proposed by Slorach et al. [21] social and
economic aspects are added, thus assessing all aspects of sustainability.

(vii) Based on the insights of Mannina et al. [6], it is suggested that a review of the
scientific production be carried out that seeks to identify technologies related to
processes that can recover water.

Even after the analysis is carried out, it is important to reinforce that the discussions
on the subject are not exhausted. On the contrary, there is a long way to be researched,
and it was possible to identify the contexts which are being investigated considering the
circular economy of water, highlighting the importance of circularity. Furthermore, it
was possible to point out future paths for research on the subject.

4 Final Considerations

Given the analysis carried out, the general aim of the research was achieved since it was
possible to carry out an analysis of the scientific production on the circular economy
of water. The Web of Science database identified 38 articles on the circular economy
of water, in which the years 2018 and 2020 were the years with the most publications.
The Journal Of Cleaner Production is a prominent journal that publishes articles on the
subject in question.

With the calculation of the InOrdinatio index, it was possible to identify the ten most
relevant articles on the circular economy of water, which, through Word Cloud, it was
possible to identify the words contained in the titles and keywords aligned with the focus
of the research.

The integrative analysis made it possible to survey the contexts already studied,
demonstrating that the circular economy is related to assessing the life cycle, techniques
related to the reuse and recovery of water, education models and strategic issues. The
researched contexts were mainly related to the public area, tourism, entrepreneurship
and manufacturing.

It is essential to emphasise the importance of research related to water since the con-
cern with this resource has been observed. The discussions are far from being exhausted;
therefore, a proposal for a future agenda was presented that indicates the direction for
future research about the theme.
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The present research has the following limitations: (i) only the Web of Science
database was considered; (ii) only the strings “circular economy” AND “water” were
used; and (iii) only the ten most relevant articles were analysed.

Finally, based on the limitations presented, future studies are suggested: (i) carry out
a literature review that considers other databases, such as Scopus and ScienceDirect; (ii)
consider other strings to make the search more comprehensive; and (iii) seek to analyse
all the articles that are identified on the subject.
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Abstract. This work analyses the improvement of the macroporous structure of
coalsmade fromolivewoodwaste (OWW)bymeans of thermal treatment between
400 ºC and 900 ºC. These coals will be used in the Biomethanization or Anaerobic
Digestion process ofwet residual biomass, as they act as bacteriological adherents,
immobilising the microorganisms that participate in this process and increasing
its energy yield.

The carbonaceous adherends have been characterised by elemental analysis,
mercury porosimetry, adsorption isotherms and SEM. The yield of the carbon-
isation process varies between 39.73% and 21.52%. For samples carbonised at
400 ºC the yield is usually higher than for those carbonised between 600 ºC and
900 ºC.

The carbonisation temperature has a major influence on the porosity distri-
bution in the meso- and macropore regions, and not so much the treatment time.
In the mesopore region, in general, the porosity distribution is more heteroge-
neous, with the volume of mesoporosity increasing with increasing carbonisation
temperature, according to: 900 ºC>600 ºC>400 ºC.

However, as far as macropores are concerned, the size distribution is much
more homogeneous and the volume of macroporosity decreases with increasing
carbonisation temperature, being the sample prepared at 400 ºC for 15min showing
the highest porosity development, with a total volume of 0.60 cm3g−1.
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1 Introduction

The worldwide crisis, the scarcity of food reserves and the generation of polluting waste
are themain challengeswe face at this time to achieve socio-economic and environmental
sustainability [1, 2].

The large quantities of waste generated by industrial/agricultural production pro-
cesses negatively affect the natural environment [3, 4].

Anaerobic digestion (AD) is a promising technology because of its ability to degrade
much of this type of organic matter and transform it into two value-added by-products,
biogas (renewable energy) and a nutrient-rich digested effluent that can act as fertiliser
or compost. The future of the biogas facility is a factory where value is created from
previously wasted materials; this ensures sustainability of the environment and potential
for financial gain for the local community. The flexibility of the anaerobic digestion
system and its ability to digest a multitude of organic feedstocks, while producing a
significant range of products ensures the role of anaerobic digestion and biogas in the
circular economy [5].

For this technology to become more attractive and widespread, it is necessary to
develop pre-treatments that increase the energy yield of the reaction and improve the
profitability of a biogas plant. One of the pre-treatments to be investigated is the addition
of carbonaceous materials from low-cost agricultural waste [6].

So far, most of the materials that have been used for this purpose are activated
carbon, zeolite, bentonite, mineral wool, polyurethane, polyacrylate, polyethylene, and
even straw as a biofilm carrier [7]. In all cases, the pore size distribution (porosity) and
the pore size of the supporting medium are determining factors since these pores must
be of a size suitable for colonization by the methanogenic bacteria population (whose
size is about 1 μm per bacterium cell, that is, the size of macropores).

However, the common problem of all these products that increase the surface avail-
able for bacterial adhesion is that their high costs are prohibitive for application in
industrial scale AD plants.

To overcome these issues, recently, biochar, which are carbonaceous materials from
organic waste, are being manufactured and it has been shown that the addition of these
biochars improves the AD process because they improve the removal of chemical oxy-
gen demand (COD) and reduce the lag phase of methanogenesis, leading to higher CH4
production [8, 9]. Furthermore, the application of biochar in AD also improves the ele-
mental composition of the solid digestate (AD residue), which can be further processed
and used as fertiliser in the agricultural field [10].

Biochar also offers advantages over other additives considering its various physic-
ochemical characteristics, governed by feedstock types, synthesis temperature, modifi-
cation/activation methods, etc. [11–13].

In addition, biochar has other applications, such as catalyst support, battery elec-
trodes, capacitors and in biomedicine. Therefore, for these and other applications, it is
becoming increasingly evident that the charcoal material used must possess not only a
high degree of surface area development and microporosity, but also significant meso-
and macropore contents.

In the presentwork, as a starting point for future research, the influence of temperature
and carbonisation residence time on the development of meso- and macroporosity is
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investigated using Olive Wood Waste (OWW) as a starting material, in order to add
it to the Anaerobic Digestion process, as the biochar acts as bacteriological adherent,
immobilising the micro-organisms involved in this process and increasing its energy
yield.

2 Materials and Methods

2.1 Sample Preparation

The lignocellulosic starting material used in the preparation of the carbonised products
was OWW.

After the collection or reception of this material, firstly, size reduction and sieving
was carried out, selecting the particle size fraction between 1 and 2 mm. Then, using a
cylindrical tube furnace (Carbolite), the materials were heated in N2 atmosphere (gas,
ϕ = 100 mLmin−1) at different temperatures of 400, 600 and 900 ºC for different times
(15min, 30min, 2 h, 6 h) (Fig. 1). The heating rate of the furnace from room temperature
to the maximum heat treatment temperature (MHTT) was 10 ºC min−1.

Fig. 1. Schematic of the experimental system used in the physical activation: 1) Synthetic nitro-
gen; 2) Rotameter; 3) Oven; 4) Reactor; 5) Sample holder; 6) Temperature programmer; 7) Gas
condensation system.

Table 1 shows the notations assigned to the samples and the performance values
of the sample preparation process. The samples thus prepared were characterised by
elemental analysis, mercury porosimetry, adsorption isotherms and Scanning Electron
Microscopy (SEM).



Meso and Macroporosity in Carbonaceous Materials 275

Table 1. Preparation of samples. Notations and yields.

Source material MHTT */ºC Time (h) Notation Performance (%)

Olive wood (OWW) 400 0.25 C4-OWW-15 32.15

400 0.5 C4-OWW-30 39.73

400 2 C4-OWW-2 36.20

400 6 C4-OWW-6 34.00

600 0.25 C6-OWW-15 26.25

600 0.5 C6-OWW-30 25.37

600 2 C6-OWW-2 24.92

600 6 C6-OWW-6 25.54

900 0.25 C9-OWW-15 24.15

900 0.5 C9-OWW-30 26.34

900 2 C9-OWW-2 26.80

900 6 C9-OWW-6 21.52

(*) MHTT, maximum heat treatment temperature.

2.2 Morphology and Texture

The carbonaceous adsorbents were characterized morphologically and texturally.
Electronmicroscope imageswere obtained using amodelQuanta 3DFEG(FEICom-

pany) scanning electron microscope operating in high-vacuummode under an accelerat-
ing voltage ranging from 0.1 to 30 kV, and an Everhart Thornley detector for secondary
electrons. Several SEM images of randomly chosen particle regions and grains were
acquired for each sample at different magnifications.

In addition, N2 adsorption at 196 ºC was determined, together with mercury
porosimetry, andmercury andheliumdensitymeasurements. In particular, theN2 adsorp-
tion isotherm was determined on 0.118 g of sample in a Quantachrome Autosorb−1

device after degassing the aliquot at 120 ºC for 12 h. For the porosimetry, a Quan-
tachrome PoreMaster 60 porosimeter was used, with ~ 0.326 g of charcoal sample put
into the glass holder which was then evacuated by means of an oil pump before filling
with mercury, determining the sample’s mercury density from knowing the previously
calibrated glass holder volume and the density of liquid mercury at the working temper-
ature (Fig. 2). The helium density was measured in a Quantachrome stereopycnometer,
using ~ 3 g of sample.
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Fig. 2. Curve of mercury intrusion against pore radius.

3 Results and Discussion

3.1 Sample Preparation

The yield values of the sample preparation process are given in Table 1. In the case of
heat-treated samples, the yield depends mainly on the MHTT. Thus, the yield values
for samples carbonised at 400 °C are between 32.15% and 39.73%, while the yield is
≈27.5% for most of the samples heated at 600 °C and 900 °C.

As can be seen, the yield decreases very significantlywith increasingMHTTbetween
400 and 900 °C.However, the decrease in yield ismuch larger between 400 °C and 600 °C
than between 600 °C and 900 °C.

These results are in perfect agreement with the mechanism usually postulated for
the pyrolysis of lignocellulosic materials, according to which when these materials are
heated in an inert atmosphere, depolymerisation and devolatilisation occurs.

This process results in a large mass loss below 400–450 °C, which is accompanied
by a progressive aromatisation in the residual solid.

From the point of view of the change in mass, it is generally considered that at a
temperature of 600 °C the pyrolysis process is largely completed.At higher temperatures,
the aromatic character in the char is further increased, as hydrogen is released and rings
are melted, and the mass loss is smaller and quite similar at the different heat treatment
temperatures.
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The yield values obtained for the different starting materials (Table 1) are not
very different from those generally obtained in previous studies, also carried out with
lignocellulosic materials [14–16].

3.2 Elemental Analysis

The elemental analysis data determined for the carbonised products at 400 ºC, 600 ºC and
900 ºC are presented in Table 2. As expected, the most abundant chemical constituent in
all samples is carbon, whose content ranges from 82.49% of C6-OWW-2 to 59.01% of
C9-OWW-2. The hydrogen and nitrogen contents are much lower, ranging around 2.8%
and 0.8% (average values) respectively.

The sulphur content is practically zero in all carbonisates. Finally, the oxygen content
is also high in relative terms.

Table 2. Elemental analysis data of selected samples.

Samples %C ± SD % H ± SD %N ± SD % S ± SD %O*

C4-OWW-15 70.58 ± 1.11 4.39 ± 0.44 0.30 ± 0.01 0.05 ± 0.00 24.68

C4-OWW-30 63.95 ± 2.37 5.24 ± 0.00 0.14 ± 0.08 0.05 ± 0.00 30.62

C4-OWW-2 65.93 ± 1.23 2.85 ± 1.04 0.19 ± 0.11 0.04 ± 0.00 30.99

C4-OWW-6 66.39 ± 0.35 3.48 ± 0.04 0.49 ± 0.01 0.04 ± 0.00 29.60

C6-OWW-15 79.94 ± 0.63 3.23 ± 0.16 0.35 ± 0.02 0.03 ± 0.00 16.45

C6-OWW-30 79.84 ± 1.26 2.96 ± 0.06 0.52 ± 0.13 0.05 ± 0.00 16.63

C6-OWW-2 82.49 ± 0.33 3.10 ± 0.71 0.55 ± 0.17 0.05 ± 0.00 13.81

C6-OWW-6 81.22 ± 0.12 2.43 ± 0.02 0.46 ± 0.02 0.05 ± 0.00 15.84

C9-OWW-15 77.91 ± 1.66 1.96 ± 0.05 0.84 ± 0.13 0.04 ± 0.00 19.25

C9-OWW-30 73.53 ± 0.88 1.84 ± 0.02 1.02 ± 0.04 0.04 ± 0.00 23.57

C9-OWW-2 59.01 ± 2.11 1.80 ± 0.13 1.97 ± 0.11 0.04 ± 0.00 37.18

C9-OWW-6 64.76 ± 1.00 0.72 ± 0.11 2.97 ± 0.03 0.05 ± 0.00 31.50
*Obtained by difference.

3.3 Meso and Macroporous Textures

The cumulative pore volume versus pore radius curves obtained for the twelve sample
series under study can be seen in Fig. 3 and the values of themeso andmacropore volumes
(Vme-p, Vma-p) together with the density valuesmeasured bymercury displacement (ρHg)
have been compiled in Table 3.

Simply by looking at Fig. 3, it is evident that the carbonisation temperature has a very
important influence on the porosity distribution in the meso- and macropore regions. In
the mesopore region, in general, the porosity distribution is wider for samples prepared



278 C. Sánchez-Sánchez et al.

Fig. 3. Mercury intrusion curves.

at higher temperatures than at lower temperatures, i.e. at 900 and 600, and narrower
when samples are prepared at lower temperatures, i.e. at 400 ºC.

As for the macropores, the pore size distribution is much more homogeneous and the
volume of macroporosity decreases with increasing carbonisation temperature (Table 3).

Therefore, it is evident that, in general, the maximum porosity development is
achieved when the MHTT is lower. The sample with the highest pore content is sample
C4-OWW-15, with a total volume of 0.60 cm3g−1, and it is also much more macro than
mesoporous (Vma-p = 0.50 cm3g−1 and Vme-p = 0.10 cm3g−1).

Table 3. Meso- and macropore volumes. Mercury densities.

Samples SBET (m2/g) Vmi (cm3/g) Vme (cm3/g) Vme-p (cm3/g) Vma-p (cm3/g) ρHg (g/cm3)

C4-OWW-15 54.2 0.00 0.03 0.10 0.50 0.70

C4-OWW-30 369.0 0.03 0.03 0.09 0.48 0.87

C4-OWW-2 6.9 0.00 0.02 0.08 0.50 1.15

C4-OWW-6 61.2 0.01 0.06 0.10 0.45 1.01

C6-OWW-15 0.0 0.00 0.05 0.11 0.44 0.72

C6-OWW-30 0.0 0.00 0.06 0.14 0.44 0.76

C6-OWW-2 12.10 0.00 0.03 0.13 0.43 0.69

C6-OWW-6 8.7 0.00 0.13 0.18 0.43 0.75

(continued)
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Table 3. (continued)

Samples SBET (m2/g) Vmi (cm3/g) Vme (cm3/g) Vme-p (cm3/g) Vma-p (cm3/g) ρHg (g/cm3)

C9-OWW-15 90.7 0.03 0.10 0.19 0.35 0.76

C9-OWW-30 54.6 0.01 0.06 0.23 0.32 0.91

C9-OWW-2 59.6 0.02 0.06 0.20 0.27 1.07

C9-OWW-6 6.8 0.00 0.04 0.23 0.26 1.06

Fig. 4. N2 adsorption isotherms at − 196 °C

Table 3 also includes the values of the bulk density (ρHg) of the samples. As can
be observed, and according to the physical meaning of this density [16], a lower ρHg is
compatible with the presence in the sample of lighter fractions and a more developed
total porosity. Therefore, we observe in Table 3, how a lower ρHg corresponds to a larger
pore volume. However, it is observed that in sample C6-OWW-2 this is not the case and
this may be due to the heating at such a high temperature (600 ºC), which can also cause
shrinkage and even closure of the narrow porosity generated due to the pyrolysis process
(Fig. 4).

4 Conclusions

The results obtained in the present study on the preparation of meso and/or macroporous
carbonaceous materials from olive wood by thermal methods have led to the following
conclusions:
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The performance of the preparation process of carbonised products depends much
more on the maximum temperature than on the heat treatment time.

The sulphur content is generally zero in the samples.
The distribution of mesopores is widest in samples prepared at high temperatures

900 ºC and 600 ºC and narrowest when samples are prepared at 400 ºC.
The carbonisation temperature influences the development of macroporosity, being

higher the lower the MHTT, with sample C4-OWW-15 being much more macro than
mesoporous, with Vma-p equal to 0.50 cm3g−1 and Vme-p at 0.10 cm3g−1.

Finally, the properties and functionalities of charcoal depend significantly on the
pyrolysis process and, according to the literature, charcoal has a huge potential to be
used in AD as an additive to increase its productivity.
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Abstract. The use of plants as biomaterials holds an extremely high potential. The
application of plant materials in several areas of agri-food, biotechnology, engi-
neering, and health sciences is of enormous interest to the green and low-carbon
industry. Plants are a source of polysaccharides, essential oils, andvitamins, among
other components that can be used in the formulation of composite materials of
plant origin. Polysaccharides with good mechanical properties include alginate,
cellulose, and pectin, which already have been applied for drug delivery, produc-
tion of artificial extracellular matrices, and 3D scaffolds for tissue engineering.
Moreover, the extracts and essential oils of some plant’s present anti-inflammatory,
antioxidant, and antibacterial capacity. These bioactive properties can be trans-
ferred to applications in the most diverse areas, through encapsulation of plant
extracts/essential oils into biofilms or polymeric matrices. Plant-derived bioma-
terials are generally highly available and easy to produce at low costs. Although
biodegradable, they decompose at slower rates than other biomaterials due to
their enzymatic resistance. In addition, biomaterials of plant origin show high
biocompatibility, low immunogenicity, and additional nutritional value. Here, we
briefly review on the applications of enriching and encapsulating plant derived
extracts into natural polysaccharide-based materials. The use of natural materials
is an efficient solution towards higher environmental sustainability and a greener
economy.
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1 Introduction

Natural polymers such as polysaccharides are valuable assets due to their biodegradabil-
ity, biocompatibility, and nontoxicity. Polysaccharides of algae and plant origin such
as alginate, cellulose and pectin are outstanding materials that can be accessible at
low prices and show tunable physicochemical and mechanical properties, along with
high renewability and recyclability. Moreover, functional additives such as antimicro-
bial compounds, antioxidants, minerals, vitamins, and other bioactive molecules can be
added into polysaccharide-based matrices to synergistically extend the favorable prop-
erties of these biopolymers. Thus, the functionality of polysaccharide-based materials
can be further enhanced through incorporation of other green materials, such as plant
extracts, polyphenols, and essential oils, to be used in a wide range of applications (e.g.:
smart materials, biosensing, wastewater treatment, bioremediation, food coating, wound
dressing, drug delivery and tissue engineering) (Fig. 1).

Fig. 1. Polysaccharide-based enriched biofilms: extraction of compounds, preparation of biofilms
and fields of application (e.g., bioremediation, drug delivery, wound dressing, tissue engineering,
food coating and 3D scaffolding). Image produced by E. Foulquié with Biorender.com.

1.1 Alginate-Based Enriched Biofilms

Alginates are unbranched polysaccharides extracted from brown marine algae and bac-
teria [1]. Alginates are copolymers of β-D-mannuronic acid (M) and α-L-guluronic acid
(G) linked in an irregular block-wise manner, that differs significantly according to the
source of extraction [1]. Alginates can undergo gelation and form transparent water-
soluble structures that can be processed into hydrogels, microspheres, foams, fibres,
gauze, or sponges [2]. Crude extracts, essential oils, and bioactive molecules of plant
origin can be loaded into these alginate-based supports, towards the production of highly
versatile eco-friendly structures, with various applications [3–13]. In what regards food
coating, alginate-based edible coatings enriched with Ficus hirta fruit extract inhibited
the growth of pathogenic fungi in Nanfeng mandarins, stored for 100 days at 6 °C
[3]; while alginate coatings enriched in pomegranate peel extract delayed the ripening
of guavas (Allahabad safeda) during 20 days of storage, at 10 °C [4]. Additionally,
other authors have shown that alginate coatings enriched with green tea and grape-
seed presented antiviral properties against norovirus and hepatitis A virus [5], whereas
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alginate-based formulations enriched with lemongrass essential oil showed antimicro-
bial activity against several fungi [6] and were able to preserve the firmness and colour
of ‘Rocha’ pears [7]. Moreover, extracts of olive leaves loaded into alginate microbeads
formed edible matrices with improved thermal stability, as detected by differential scan-
ning calorimetry (DSC), and scanning electron microscopy (SEM) [8]. Also, mangoes
packed into multilayer coatings composed of cinnamon essential oils and alginate, were
able to preserve the firmness, edible content, and commercial value of the fruits, after
14 days, at 25 ºC [9]; while edible coatings containing oregano essential oil improved
the shelf life of tomatoes, by reducing endogenous microbial growth over 14 days, at
room temperature [10].

In what concerns tissue engineering, calcium enriched alginate hydrogels were able
to promote neovascularization and osteochondral repair [11]. In addition, Pereira et al.
showed that Aloe vera enriched alginate films presented suitable properties for wound
healing and drug delivery applications [1, 12]. In what respects bioremediation for
instance, an alginate-coated magnetic nanocluster with high adsorption capacity and
high selectivity for inorganic mercury has been developed as a nanosorbent tool for
wastewater treatment [13]. Thus, given their versatility and sustainability, the use of
alginate-based enriched biomaterials continues to grow and find new applications among
several fields.

1.2 Pectin-Based Enriched Biofilms

Pectins are plant cell wall polysaccharides mainly composed by galacturonic acid [14].
Depending on composition, structure, and molecular weight, pectins can be classified
in homogalacturonans, rhamnogalacturonans, xylogalacturonans, arabinogalactans and
arabinans [14]. Pectins can undergo gelation andwork as emulsifying, gelling, stabilizing
and thickening agents, with several uses amongst various fields, given their low cost,
non-toxicity, high stability, and biocompatibility [14–22].

Edible pectin films hold good mechanical and barrier properties to apply in the
coating or packaging of fruits and vegetables [14, 15]. Pectin films enriched with black-
currant pomace powder, for instance, were used to minimize food production losses and
to increase the functional properties of food coatings and wrappers [16]. In addition,
edible pectin coatings enriched with clove essential oil (CEO) were also able to act as
seafood preservatives [17]. These CEO pectin-based films inhibited bacterial growth;
improved the water holding capacity; prevented lipid oxidation and extended the shelf
life and textural attributes of bream fillets, by at least 15 days, under refrigeration [17].
Moreover, pectin-based biomaterials also hold great potential for biomedical applica-
tions, given their natural prebiotic, dietetic, hypoglycemic, hypocholesterolemic, and
anti-cancer effects [18–20]. In what regards bioremediation, pectin-basedmaterials have
been applied with success to pollutants removal due to their special ability to coordinate
divalent cations [21, 22]. Commercial citrus pectin, sugar beet pulp pectin and sweet
potato pectin have been able to remove heavy metals (Pb(II), Cu(II), Co(II) and Zn(II))
and organic dyes from aqueous solution [21, 22].
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1.3 Cellulose-Based Enriched Biofilms

Cellulose is a natural polymer of D-glucose connected by β(1→ 4) glycosidic bonds [23,
24]. Cellulose is present in all plants to provide for structure and mechanical integrity.
Cellulose fibers are highly hydrophilic, have lowdensity, are nonabrasive and can be used
as natural thickeners, binders, emulsifiers, suspending agents, surfactants, lubricants, sta-
bilizers, and additives [23, 24]. Guava fruits coated with cellulose films, for instance,
showed increased firmness, color maintenance, and reduced ripeness, for 13 days, at
room temperature [25]. Additionally, cellulose-based films impregnated with esters of
caffeic acid were able to show increased antioxidant activity and antimicrobial effects
against various microorganisms [26]; while cellulose-based composites containing nat-
ural antimicrobials were able to inhibit the growth of food spoilage and pathogenic
microorganisms such as Listeria monocytogenes, as well as to enhance the safety and
quality of cold smoked salmon [27] and of individually packaged hot dogs [28]. More-
over, cellulose nanoparticles showed enhanced antioxidant activities of curcumin and
ascorbyl dipalmitate when employed in packaging films [29]; and showed antimicrobial
activity when applied to mature-green tomatoes (inhibition of Salmonella Montevideo
and maintenance of color and firmness) stored at 20 °C, for 18 days [30]. Furthermore,
cellulose-based-nanomaterials have also been used for tissue engineering, wound dress-
ing, and 3D bioprinting [23, 24, 31], as well as for bioremediation and water treatment,
by membrane filtration, catalytic degradation, absorption, adsorption, and/or disinfec-
tion [32–34]. Cellulose-based hydrogels formed by sonochemistry, for instance, use
green-chemistry processes (with reduced reaction steps and chemical reagents), that
also promote biocompatibility [35].

2 Conclusions

A sustainable and recycle-based society can be developed through the use of renewable
and bio-based materials. Multifunctional alginate-based, pectin-based, and cellulose-
based enriched structures can be applied to several industrial fields. These natural mate-
rials are key to promote environmental sustainability and continue to amaze by their
properties and advantages, either presented separately or as conjugated biocomposites.
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Abstract. According to theEuropean standardEN ISO21640:2021, SolidRecov-
ered Fuels (SRF) is defined as solid fuel made from non-hazardous waste used for
energy recovery, that can be produced by specific waste, municipal solid waste,
industrialwaste, commercialwaste, construction and demolitionwaste and sewage
sludge. These fuels can be used to generate electricity and/or thermal energy,
promoting a low-carbon and circular economy. In recent years, the use of SFR
has expanded to other interesting and promising fields, such as gasification or
combined gasification and pyrolysis.

This work aims to clarify the terminology of SRF, identify the production
of different fractions of SRF in Portugal (industrial or municipal-waste source),
classify each fraction, according to its potential and identify the main barriers
to the gasification of SRF. For that, it was performed several physical-chemical
analyses on SRF samples from different origins and locations.

Results showed that in Portugal, SRF production can be divided into two
typologies considering their origin: SRF from urban wastes or SRF from indus-
trial wastes. Regarding the urban wastes SRF, in 2019 it was produced 683 tons in
Portugal. The main physical-chemical characteristics demonstrate levels of mois-
ture between 33.9% and 39.14%, low heating values (LHV) in order of 12 MJ/kg,
and high content of heavy metals, sulfur, and chlorine. Regarding the SRF from
industrialwastes, itwas identified an annual production of above 200 thousand tons
in 2019. The characteristics or physical-chemical composition of this type of SRF,
namely low percentage of humidity (15–17.3%), LHV in order of 19.43 MJ/kg,
and also the low concentration of heavy metals, confirm the potential use of this
product in gasification processes.

Keywords: Solid Recovered Fuels (SRF) · Gasification · Waste-to-Energy

1 Introduction

Wastes represent nowadays, one of the major concerns for modern societies and for the
environment, either by the wastage of raw materials and also by the existence of poor
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management systems that contaminate the groundwater and air, and therefore, change
the environment irreversibly [1, 2].Waste gasification, particularly Solid Recovery Fuels
(SRF) gasification, despite its challenges, presents itself as a viable option for its recov-
ery [2]–[4]. However, there are still many barriers to the extensive development and use
of SRFs, namely, their classification and terminology and the legislation on its uses.
Portuguese legislation (NP 4486:2008) [5] uses the terminology Refused Derived Fuel
(RDF), which can be misinterpreted only to the production of a fuel from treated munic-
ipal solid wastes (MSW) fraction in Mechanical and Biological Pre-Treatment (MBT)
plants. RDF refers to poorer quality materials, with high moisture content (between 15
and 30%) and lower calorific value. The SRF is presented as a more homogeneous set
of materials, of better quality and high calorific value, which meets classification and
specification requirements defined by a national or international standard.

According to the European standard EN ISO 21640:2021, Solid Recovered Fuels
(SRF) is defined as solid fuel made from non-hazardous waste used for energy recovery,
that can be produced by specific waste, municipal solid waste, industrial waste, com-
mercial waste, construction and demolition waste and sewage sludge. These fuels can be
used to generate electricity and/or thermal energy, promoting a low-carbon and circular
economy. In recent years, the use of SFR has expanded to other interesting and promis-
ing fields, such as gasification or combined gasification and pyrolysis. Among them,
gasification could play an important role in greenhouse gas (GHG) emissions-cutting
due to its pollution minimization effects, higher overall efficiency and ability to produce
syngas with multiple exploration methods [6].

Conventional gasification is a thermal process, which converts carbonaceous mate-
rials, such as MSW, into syngas using a gasifying agent or agents, such as steam, carbon
dioxide or air. These gasifying agents react with chars, tars, and gases to produce syngas.
The main syngas products (carbon monoxide (CO) and hydrogen (H2) are used to pro-
duce heat and electricity or are converted into liquid hydrocarbons. Syngas composition
also presents methane (CH4) and carbon dioxide (CO2) that are produced and play an
import role in gasification reactions [3, 4, 7].

Gasification occurs through a sequence of complex thermochemical reactions that
include: Drying zone, Pyrolysis or thermal decomposition zone, Partial oxidation or
combustion zone and Reduction zone (utilization of gasifying agents).

Gasification is one of the thermochemical conversion processes through which it is
possible to convert solid or liquid fuels into gases or other useful chemicals. This process
takes place at high temperatures in the presence of a gassing agent which may simply
be air, oxygen, water vapor, or a mixture thereof may also be used [3, 4].

Waste gasification can be highlighted as the best-proven technique to increase
the energy efficiency of waste-to-energy processes and optimize their contribution to
national and global climate and energy goals. Therefore, the utilization of SRF as a
robust endogenous resource can respond to a range of problems associated with waste
management, making it possible to: minimize the deposition of wastes in landfill; con-
tribute to national self-sufficiency in energy production; contribute to the reduction of
greenhouse gases through the reduction of CH4 emission from landfill; diversify the
sources of fuels [8].
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The main objectives of this work, are to clarify the terminology of SRF, identify
the production of different fractions of SRF in Portugal (industrial or municipal-waste
source), classify each fraction, according to its potential and identify the main barriers
to the gasification of SRF. For that, it was performed several physical-chemical analyses
on SRF samples from different origins and locations.

2 Terminology and Classification of SRF

Despite the numerous advantages of using SRF, there are some barriers to dissemination
in global terms, of which, it can be highlighted the continuing confusion in terminology.

Solid fuels recovered from non-hazardous waste are identified in different countries
by different terms (e.g., CSS, CDR, CDR-Q, RPF, SBS, CSR,), shipped with different
waste codes, and an ambiguous use of the terms RDF and SRF still occurs. SRF is
largely produced and traded as waste, different countries labelling it with different waste
codes based on local waste legislation. An end-of-waste of SRF is allowed in some
countries (e.g., Austria, Italy) if the fuels produced comply with specific and mandatory
requirements legally set. The latest ISO 21640 [9], development based on the European
standard, confirms that definition of SRF, emphasizes the origin of waste that are not
more suitable for efficient reuse and recycling of materials and provides shared rules
(classification and specification requirements) that can be applied in different countries
to identify a secondary fuel as SRF. Therefore, ISO 21640 is nowadays assumed as a
reference to distinguish between RDF and SRF. The process of classification according
to the ISO 21640 is presented in Fig. 1.

SRF and RDF are locally produced in MT andMBT plants from individual or mixed
streams of municipal (MSW), commercial (CW), industrial (IW) and construction and
demolition (CDW) wastes that can differ in their share of residual fractions and, based
on this, also in their elemental composition [10]–[12].

Fig. 1. Proposed approach to distinguish between RDF and SRF according to ISO 21640:2021.
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Different types and degrees of treatment are applied by the producers to the input
waste streams that modify to some extent their properties and determine the achievable
yield in waste derived fuels, in both quantitative and qualitative terms. Based on this,
SRF is a classified secondary fuel in compliance with the conformity, classification and
specification requirements of ISO 21640, and RDF is a secondary fuel that don’t meet
the requirements of ISO 21640.

3 SRF Production

In Portugal, SRF production can be divided into two typologies considering their origin:
SRF from urban wastes or SRF from industrial wastes. The first one, is a relatively
crude material, produced by shredding pre-sorted municipal solid waste (MSW). Before
the MSW can enter the SRF production process, valuable commodities such as paper,
metal, glass and wood should have been removed for recycling. On the other hand, SRF
from industrial wastes, is a much more refined resource, produced to a defined quality
specification.

3.1 SRF Produced from Urban Wastes

Regarding toMunicipal SolidWastes (MSW)management, Portugal is still facing some
problems. MSW management is currently dominated by landfilling, but Portugal has
invested in many other treatment options including incineration, composting and more
recently inMechanical and Biologic Treatment (MBT) technology. This choice made by
Portugal regarding MSW treatment processes, namely mechanical and biological treat-
ments, is based on the recognition that they have great potential in terms of reducing the
deposition of MSWs in landfills, a significant increase in recycling rates and significant
reduction in greenhouse gas emissions, fundamental aspects for the pursuit of national
and community goals. Thus, the treatment of MSWs results in a set of waste that can be
recycled material, organic or incinerated with energy production [13].

According to the strategic plan for urban wastes (PERSU 2020), the main material
streams in the urban waste management systems (SGRU) in Portugal and Portuguese
autonomous regions, are presented as shown in Fig. 2. In the specific case of SRFs,
according to the same document, there is an increase in the diversion of refuse and
rejects from landfills, around 300 thousand tons per year, through the production of
fuels derived from waste [14].

According to the data available in the most recent Annual Report on Urban Waste
[13], there has been a decrease in the production of material for SRF over the last few
years. The production of SRF material in sorting facilities, mechanical treatment and
mechanical and biological treatment units declared by the SGRUbetween the years 2015
and 2019 is shown in Table 1.

These data show a slight increase in the SRF produced in 2019 compared to 2018.
However, the low production of SRF, when compared to the years 2015 and 2016, can
be explained by the unavailability of waste management operators in the reception of
this material from the SGRU, a consequence of the high levels of humidity that they
normally present. The national SRF market suffered an evident stagnation in terms of
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Fig. 2. Main waste streams (thousands of tons) in urban waste management systems in Portugal
(including autonomous regions) in 2020. Adapted from [14].

processing and dispatch due to the difficulty of selling SRFs. The SGRUs consider
that the preparation and drying operation is not feasible due to factors such as high
investments needed to prepare the SRFs; high transport costs due to the high dispersion
of cement plants; and also because the Portuguese cement industry uses a much higher
amount of imported SRF than those produced by the SGRUs, arguing that material from
the other EU Member States has the required technical and economic conditions [15].

Table 1. SRF production from urban wastes (tons) [13].

SRF from urban wastes Total

2015 2016 2017 2018 2019

Sorting facilities 1308 0 0 15 7

Mechanical treatment 33750 21042 0 0 0

Mechanical and biological treatment 72564 467 379 385 677

SRF production units 6943 0 0 0 0

Total 114566 21509 379 400 683

3.2 SRF Production from Industrial Wastes

Regarding to SRF produced from industrial wastes, a lack of official indicators was
observed. The information relating to the Strategic Plan for Industrial Waste (PESGRI),
or the National Plan for the Prevention of Industrial Waste (PNAPRI) were not available
for consultation. However, the scope of the most recent information referred to in these
documents does not exceed the year 2015, which would constitute a somewhat outdated
scenario. To obtain some relevant information regarding SRF from industrial waste,
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a search by code LER 191210 was carried out on the SILOGR platform (Licensing
Information System for Waste Management Operations). As a result of this search,
48 licensed operators were identified, from which only 7 were identified as effective
products or with installed capacity for SRF production (Table 2).

Table 2. Industrial waste management entities producing SRF.

Operator Annual Production (ton/year) Obs.

Company 1 40000 -

Company 2 9257* *Quantity produced in 2019

Company 3 - Production capacity 70000 ton/year

Company 4 - Production capacity 80000 ton/year

Company 5 150269* *Quantity produced in 2019

Based on this, an annual production of above 200 thousand tons in 2019 was iden-
tified. It was also identified that some companies decided to stop the SRF production in
2019, and some of them, dismantled their production unit.

4 Physical-Chemical Characterizations of SRF

The designation Refused Derived Fuel (RDF) encompasses different alternative fuels
since it is possible to produce fuels based on different residues without obeying specific
characteristics. In order to minimize the generalization of the term and to regularize
the production of SRF, the European Commission published in 2006 the specification
CEN/TS 15357. The European Committee for Standardization (CEN) is the entity that
promotes the development of European standards that aim to establish important criteria
for products, services, and processes, ensuring that they are suitable for the purposes for
which they are intended. According to this organization a Solid Recovered Fuel (SRF) is
defined as solid fuel prepared from non-hazardous waste to be utilized for energy recov-
ery in incineration or co-incineration plants and meeting the classification and specifi-
cation requirements defined in CEN/TS 15359 standard and identified in the European
waste list by the code 191210. This standard is transposed to national legislation by the
NP 4486:2008 normative [5], which intends to frame the SRF in the national panorama
through the definition of classification criteria and methodology of physical and chem-
ical characterization involved in quality management. According to this standard, only
fuels prepared from non-hazardous waste andmeeting the admissibility standards can be
classified as solid recovered fuel (SRF). The respective classification system is based on
the threshold value of three properties: Low heating value (LHV) – economical parame-
ter; chlorine content – technical parameter; mercury content – environmental parameter.
The calorific value that the material has represents the amount of heat released by com-
bustion per unit weight of the waste. The Higher Calorific Value (HHV) translates the
calorific valuewhen thewater vapor formed returns to its initial state, that is, it condenses,
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returning the heat of vaporization [16]. The Lower Calorific Power (LHV) is the one in
which the heat of vaporization is not returned, that is, it escapes with the combustion
gases through the chimney [16], which is what happens in industrial installations. This
latter characterizes and enables the suitability of materials/waste for energy recovery.
According to Table 3, the classification is defined by assigning a value, on a scale of 1
to 5, to each parameter.

Table 3. SRF classification system (NP 4486/2008) [5].

Classification
property

Statistical
measure

Unit Classes

1 2 3 4 5

Chlorine
content (Cl)

Mean % (dry
base)

≤0.2 ≤0.6 ≤1.0 ≤1.5 ≤3

Low Heating
Value (LHV)

Mean MJ/kg (as
received)

≥25 ≥20 ≥15 ≥10 ≥3

Mercury
content (Hg)

Median (80th

percentile)
mg/MJ (as
received)

≤0.02 ≤0.03 ≤0.08 ≤0.15 ≤0.5

≤0.04 ≤0.06 ≤0.16 ≤0.30 ≤1.00

The values regarding the lower heating value and chlorine content are obtained
using the arithmetic mean, corresponding to the mercury content, the maximum value
of the range comprised by the median and the 80th percentile. The same standard also
imposes mandatory and optional specifications. Mandatory specifications include class
code, origin, particle shape, ash content, moisture content, calorific value, and chemical
properties. Voluntary specification properties are biomass content, physical composition,
fuel preparation, and physical properties such as mass density, volatile content, and
chemical properties for major and minor elements.

4.1 SRF from Urban Wastes

To obtain a comparative view of the characteristics of the SRF produced in several
regions of Portugal, data relating to various producing entities are presented. These data
were collected from the available bibliography and are related to the years between 2010
to 2020. Concerning the SRF produced from MSW, and according to the data available
in [17] the author presents a brief characterization of SRF produced by an operator that
processes non-hazardous industrial wastes and urban wastes from Lisbon metropolitan
area. In this case, only SRF produced from MSW was considered. Concerning this
operator, the data in the Table 4 refer to the average of the values obtained from the
analysis of 42 samples collected between the months of January and June 2015.

The parameters that were assessed define the feasibility of the SRF for use in co-
processing by the cement industry.As it can be observed, themoisture content presents an
average value that is fixed at 39.14%,well abovewhat is accepted by this type of industry.
Also, the LHVwas calculated, and the average value of 12.02MJ/kgwas recorded,which
is explained by the high moisture content, taking into account the presence of a high
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Table 4. Characterization of SRF produced from MSW collected from different regions of
Portugal.

Parameters Units Lisbon metropolitan
area [17]

South region [18] Center region [18]

*Moisture
content

% 39.14 33.19 35,33

Ash % 14.68 20.20 12,42

Volatile matter % - 71.45 -

LHV MJ/kg 21.23 18.46 -

*LHV MJ/kg 12.02 - 12.83

HHV MJ/kg - 19.23 -

Carbon % - 46,79 48,77

Hidrogen % - 5,30 3,03

Nitrogen % - 1,54 1,13

Sulfur % - 0,19 0,30

Chlorine % 0.83 0,53 0.53

Sodium mg/kg - 5200 -

Potassium mg/kg - 4200 -

Aluminum mg/kg - 6300 -

Phosphor mg/kg - 1600 -

Copper mg/kg - 100 65,00

Zinc mg/kg - 100 293,83

Lead mg/kg - 0 33,67

Vanadium mg/kg - - 6,58

Chromium mg/kg - - 20,92

Nickel mg/kg - - 15,83

Arsenic mg/kg - - 5,50

Cadmium mg/kg - - 3,00

Antimony mg/kg - - 17,08

Mercury mg/kg - - 0,31

Manganese mg/kg - - 44,33

Granulometry
(>25 mm)

% 23.55 - -

Parameters on a dry basis, except *
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amount of biodegradable residues that make up the samples. Regarding the chlorine
content, it was measured on a dry basis, a value of 0.83% was recorded. The mercury
content recorded was practically nil, so, according to the NP 4486/2008 standard, this
SRF is classified as PCI 4; CL 3; Hg 2. Another characterization reported by [18], is
related to the same kind of waste coming from south region of Portugal. The purpose
was to assess the potential and feasibility of SRF for use as an alternative combustible.
10 samples from different points of the facility’s internal circuit were collected. The
analyzes were carried out on each of the samples, and for the purposes of presentation in
this work, the average value of each parameter was calculated. According to the results
presented in Table 4 and the evaluation of the author, can be assigned to this SRF the
classification PCI 3; Cl 2; Hg 1. Once again it can be observed high moisture contents.
Regarding the LHV on a dry basis (d.b.) is even lower than the previous example.
This gives a poor quality of this SRF for use as an alternative combustible. The same
author [18] also presents a characterization of SRF produced fromMSW collected from
the center region of Portugal. The samples considered for the characterization of the
SRF potential were collected in a total of 12, in the period between August 2008 and
December 2009. For the purposes of presentation in this report, the average value of
each parameter was calculated. The values recorded are presented in Table 4. As can be
observed the moisture content is in the same order of magnitude as the samples from
other locations, so keeping high values. In this case, the LHV is not measured on a dry
basis, but when compared these values, it suggests that the correspondent value on a dry
basis is in the same order of magnitude as other samples. According to the NP 4486:2008
and the conclusions of the author, this SRF can be classified as follows: PCI 3; Cl 2; Hg
2 (for the 2008 samples); PCI 4; Cl 2; Hg 2 (for the 2009 samples); PCI 4; Cl 2; Hg 2
(considering all samples).

4.2 SRF From Industrial Wastes

Concerning the SRF derived from industrial wastes a physicochemical characterization
of SRF produced from industrial wastes collected from the north region of Portugal
and Lisbon metropolitan area was recorded. In the first case, these analyses were made
according to the NP 4486:2008 standard. The results recorded are resumed in Table 5.

As it can be seen, the moisture content recorded in this case is very low, in opposite
to the values obtained from SRF made from MSW. Also, the LHV is higher consider
the typical values from SRF made from MSW. Despite the low metal concentration, it
has high concentrations of sulfur and chlorine that could present operational problems
in the thermal conversion, especially in a large-scale exploration. In order to contain
these problems, a step of cleaning the gas formed through the introduction of water
columns was included in the execution of the tests. The standards of extreme quality
of these SRFs are reached due to the process of sorting and separation to which the
non-hazardous waste of industrial origin is submitted.

These factors clearly indicate that these SRFs are excellent raw materials for the
gasification process. These data can be compared with a study reported by [17] regarding
to industrial wastes collected fromLisbonmetropolitan area. The sampleswere collected
between January to September 2015.
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Table 5 presents the average of the values obtained from 64 samples provided by
non-hazardous industrial wastes. In this case, the moisture content is higher than the
previous samples, standing at 17.30%. Even so, this parameter is below 20%, which
is acceptable for the industry, namely the cement industry, to use as a substitute for
fossil fuels. High moisture contents may compromise the efficiency of the combustion
process since it will cause a drastic reduction in the temperature inside the oven. Related
to the LHV, and chlorine content, 19.4 MJ/kg, and 0.92% were recorded respectively.
According to NP 4486/2008 standard this SRF is classified as PCI 3; Cl 3; Hg 2.

Table 5. Characterization of SRF produced from industrial wastes collected from north region
and Lisbon metropolitan area.

Parameters Units North region Lisbon metropolitan area
[17]

Ash % 15.00 17.6

*Moisture content % 5.70 17.29

LHV MJ/kg 24.33 23.25

*LHV MJ/kg - 19.43

Particle size: >25 mm % - 14.56

25–50 µm % 5.4 -

12.5–25 µm % 23.3 -

6.3 –12.5 µm % 44.3 -

3.15 –6.3 µm % 13.1 -

<3.15 µm % 13.9 -

Chlorine % 0.91 0.92

Antimony mg/kg 54.00 -

Arsenic mg/kg < 0.8 -

Cadmium mg/kg 0.30 -

Lead mg/kg 42.00 -

Cobalt mg/kg 2.00 -

Copper mg/kg 2970.00 -

Chromium mg/kg 520.00 -

Manganese mg/kg 52.00 -

Mercury mg/kg <0.50 -

Nickel mg/kg 15.00 -

Tálio mg/kg < 0.20 -

Vanadium mg/kg 5.00 -

Aluminum mg/kg - -

(continued)
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Table 5. (continued)

Parameters Units North region Lisbon metropolitan area
[17]

Metallic aluminum % 0.25 -

Carbon % 56.20 -

Hydrogen % 7.14 -

Nitrogen % 0.91 -

Sulfur mg/kg 2150.00 -

Bromine mg/kg 513.00 -

Fluorine mg/kg 95.00 -

Specific weight g/cm3 0.10 -

Biomass content % 39.70 -

Volatile matter % 77.20 -

Parameters on a dry basis, except *

5 Conclusions

As it was possible to verify with the execution of this work, it is possible to conclude that
there is a high potential for the energy recovery of waste by gasification technologies.
Regarding SRF, they can be divided into two typologies considering their origin: SRF
from urban waste and SRF from industrial waste. Regarding SRFs originating from
urban waste and, consequently, produced in mechanical and biological treatment units
(TMB), it was found that over the last few years, there has been a large reduction in
their production at national level. The low production of SRF can be explained by the
unavailability of waste management operators (OGR) in receiving this material from
the SGRU, as a consequence of the high humidity levels that they normally present,
high investments needed to prepare the SRFs, high transport costs, and higher amount
of imported SRF by cement industry. For this reason, during 2019, many existing SRF
production units did not operate, and those that did not use their full processing capacity.
Therefore, it appears that in 2019, 683 tons of SRF of urban originwere produced. On the
other hand, there are 1.2 million tons of scrap or remaining fraction of the TMB units.
The physical-chemical composition of these wastes conditions their energy recovery,
mainly due to the high percentage of humidity (above 40%). Regarding the production
of SRF from industrial waste, it was possible to verify the annual production of more
than 200 thousand tons of SRF. The characteristics or physical-chemical composition
of this type of SRF, namely, low percentage of humidity, low concentration of heavy
metals and HHV, attest to the potential use of this product in gasification processes.
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Abstract. Nowadays, the consumer demands new food products, with high-
protein, low-fat and rich in health-promoting compounds. Based on these requests,
the Portuguese white crowberry or “camarinha” has been gaining interest due to
their quality attributes like acid flavor, pleasant white color and high potential
in antioxidant compounds as also observed in other wild berries, for instance,
blueberries and arbutus.

The present study aims to evaluate the yogurt manufacturing by addition of
the white crowberry fruits in the freeze-dried form (LIO) and the extract obtained
after infusion and lyophilization (CAM), compared to a control sample without
the white crowberry fruits (CTR). In all the studied yogurt sample, the determina-
tion of pH-value, solids soluble content (SSC), color (CIE L*a*b* color parame-
ters) and total phenolic content (TPC) and sensorial analysis (global appreciation,
appearance, and taste), were performed.

During the yogurt manufacturing, it was possible to observe an identical
behavior on the pH-value decrease, being the fermentation process similar in both
enriched yogurt samples. Also, a slight pink color was achieved in the LIO sample
as compared to CTR. This slight color change was denoted by the sensorial panel
that appreciated the overall product. Regarding the TP content, both the yogurts
enriched with the white crowberry fruits revealed better results than the found in
the CTR sample.

Overall, these results are useful to reveal the value of one endemic fruit, the
Portuguese white crowberry, until today unexploited in the enrichment of one
dairy product, as yogurt, a food product that reach various age groups of Society.

Keywords: “camarinha” · Bioactive · Quality · Sensorial analysis · Corema
album L. (D.) Don

1 Introduction

The Portuguese white crowberry (Corema album L (D.) Don), also known as “camarin-
ha” is an evergreen shrub endemic of the Atlantic coast of the Iberian Peninsula. There
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are two species in the genus Corema, the species Corema conradii which is native to
the north American east coast, and the Corema album L (D.) Don, native to the western
coast of the Iberian Peninsula [1]. Moreover, there is as well as subspecies in the Azores
archipelago promptly named Corema album subsp. Azoricum, present in 66% of the
islands and under 200 m of altitude [2]. The differences between the two species seems
to be the type and leaf density as well as fruit density [3].

In overall, the Portuguese crowberry fruits are characterized by its white color, acidic
flavor, and the hard seed. As observed in other wild fruits, such as blueberry and arbutus,
the white crowberry fruits show a high antioxidant potential [4, 5] and their inclusion
in the Diet can contribute to a diversified food and promising effect on Society health.
Despite the fruits are not marketed in the large distribution chains of the Agri-food
sector [6], the consumption of these is growing in the Region where they can be found,
essentially in the fresh way but also in drinks, jams, and jelly products.

The aim of this study was to evaluate the impact of freeze-drying and the infusion of
the Portuguese white crowberry fruits on yogurt manufacturing. For that, the yogurt fer-
mentation process was monitored until the end and in the final product, quality attributes
such as pH, soluble solids content, color, total phenolic content, and sensorial analy-
sis were determined. The use of this unexploited natural, wild, and endemic fruits, by
development of a new food product, yogurt, will be promoting the food diet of many
consumers that are looking for natural foods with health benefits.

2 Materials and Methods

2.1 Collection and Infusion of the White Crowberry Fruits

The Portuguese white crowberry fruits without any visual damage nor showing signs
of translucence were collected in 2020, on the 14th September, from Cabo Carvoeiro
(Peniche, Portugal, see Fig. 1) and transported in a food plastic bag in a cold environment
to the Research laboratory, CETEMARES. Afterwards, the white crowberry fruits were
washed to remove any leaves and debris, dried using the paper towels and freeze-dried
(see Fig. 2).

Fig. 1. Collection of the Portuguese white crowberry fruits (Peniche, Portugal, 39°21′35.2"N
9°24′20.9"W).
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(A) (B) 

Fig. 2. Fresh (A) and freeze-dried (B) Portuguese white crowberry fruits.

2.2 Yogurt Manufacturing

The manufacturing of the enriched yogurt was performed by addition of the (a) white
crowberry fruits freeze-dried crushed in small pieces and (b) after the infusion by mix
with water at 95 ºC in a proportion ratio of 1:20 (m:v) and leaving for 5 min. Then,
the infusion was filtered, and the liquid phase was collected, freeze dried and used in
enrichment of yogurt.

For the manufacturing process of yogurt, the next ingredients were used: 500 mL
of pasteurized milk (“Pingo Doce”), 60 g of natural yogurt (“Pingo Doce”), 25 g of
dried milk powder (“Nido”), 40 g of white granulated sugar (“Pingo Doce”) and for the
yogurt enriched with the freeze-dried fruits, about 10 g were added and for the infused
lyophilized near to 5 g. After the mixture, the heat treatment at 50 °C for 4 min in
the cooking robot (Bimby – Vorwerk, Thermomixer 31–1) was performed. After, the
mixture was transferred into sterilized jars (around 90 g per jar) and left in a pre-heated
incubator at 45 °C. pH measurements were taken every half hour until a pH value of
4.5 was reached. The yogurt samples were then removed from the incubator, cooled at
room temperature, and stored at 4 °C. Also, yogurt without the white crowberry fruits
was produced and used as a control sample.

2.3 Methodology

2.3.1 pH and Soluble Solids Content Determination

The pH value of yogurt samples was determined using a pH meter (SP70P, Sym-
pHony,Radnor, PA,USA), after calibration according to themanufactured recommended
procedure.

The soluble solids content (SSC) of the yogurt samples was measured in a
refractometer (BST, RFM340 +, Kent, UK) and were expressed as ºBrix.

2.3.2 Color Determination

The color of yogurt samples was evaluated according to [7] by the tristimulus colorime-
ter (Minolta chroma Meter, CR-400, Osaka, Japan), and after calibration with a white
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standard tile (L* = 97.10, a* = 0.19, b* = 1.95), using the illuminate D65 and observer
2z. The color parameters obtained, where the L* values which represent the luminos-
ity (black-white) of the samples, and a* and b* values, which indicate the variation of
greenness to redness and blueness to yellowness, respectively.

2.3.3 Total Phenolic Content Determination

The total phenolic content (TPC) of the yogurt samples was performed using the Folin-
Ciocalteu methodology [8]. Firstly, the yogurt sample was mixed with water (1:1; m:v)
and kept overnight at refrigerated temperature. After, a separation was made by centrifu-
gation at 7800 rpm during 15 min at 25 ºC. Then the supernatant of sample / standard
was mixed with 100 µL of Folin-Ciocalteu diluted with ultrapure water at a proportion
of 1:10 (v:v). After 4 min of reaction, 80 µL of a Na2CO3 (7.5%, w/v) solution was
added and left in the dark for 120 min at room temperature. The analysis of results was
realized in a microplate (Bioteck, SynergyH1, Thermo-Scientific, Winooski, USA) and
read at 750 nm. Results were expressed using the average of 9 determinations, in mg
of gallic acid equivalents per gram of yogurt (mg GAE.g−1), using a standard curve of
gallic acid with concentrations between 0.25 to 0.050 mg.mL−1.

2.3.4 Sensorial Analysis

The sensorial analysis of the manufactured yogurt’s samples (CTR, LIO, and CAM) and
the commercial yogurts (COM), was performed by a panel of 15 semi-trained panelists
(members of the SensoMarES panel from the MARE-Polytechnic of Leiria) through
the hedonic test. This consisted in identifying the sensorial quality attributes related
to appearance (appearance, color), flavor (global flavor, berry flavor), taste (sweetness,
texture) and global appreciation rating the numeric scale of 9-point, in yogurt samples
(from low to high intensity).

2.4 Statistical Analysis

All analysis were performed in triplicate and the data was presented as average ± stan-
dard deviation. The analysis of variance (ANOVA) of data was carried out using the
Statistica™v.8.0 Software from Statsoft. The obtained results were considered statisti-
cally significant at a level of significance of 5% (p-value < 0.05), following the Tukey
HSD (Honestly Significant Difference) test.

3 Results and Discussion

3.1 Manufacturing Process of Yogurt Enriched with an Extract of the White
Crowberry Fruits

During the yogurtmanufacturing it is expected the reductionof the pHvalue, representing
the success of the fermentation process.At the beginningof incubation at a temperature of
45 ºC, the yogurt sample with both fruits’ extracts, freeze-dried and infusion lyophilized,
denotes a reduced pH value compared to the CTR sample, 5.8, 5.45 and 6.4, respectively
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(Fig. 3). Indeed, a reduction of the initial pH-value was achieved with both addition of
fruits extracts, which remained lower in the first 90 min. After, the CTR sample reach
faster the pH value expected (≈4.5). This pH-value was achieved after 240 min for
yogurt without the crowberry extract and 300 min for both enriched yogurts.

Based on previous studies related to yogurt manufacturing, the selection of ingre-
dients normally used is essential and preferable for the yogurt production, since some
specific pH range can influence the action of some gelling agents, as reported by Grasso
et al. [9] and Lück et al. [10].Moreover, at the end of yogurt fermentation, the CAM sam-
ple denotes a sensitive texture unlike the observed in yogurt enriched with freeze-dried
fruits and was confirmed by the sensorial analysis performed.

Fig. 3. Evolution of pH value during fermentation of the yogurt samples (CTR, LIO, CAM).

3.2 Instrumental Analysis and Sensorial Evaluation of Yogurt Quality

The manufacturing of yogurt without (CTR) and with the white crowberry fruits’ extract
(LIO and CAM) resulted in similar products with a slight difference regarding the phys-
ical properties such as pH, soluble solids content (SSC), color and total phenolic content
(TPC) of the sample, as can be observed in Table 1.

Despite the identical pH-value of both yogurt samples, the SSC differ significantly
(p < 0.05, Tukey test) between them. This difference could be associated with the
extended period of time of yogurt fermentation, where the consumption of sugars was
higher compared to the CTR sample. Also, the natural and fresh white crowberry fruits
showed a low sugar composition as reported by Jacinto et al. [1]. and Andrade et al. [11].

Regarding the CIE Lab color parameters, the yogurt enriched with the crowberry
extract only differs significantly (p< 0.05, Tukey test) in the L* and b* color parameters,
that represents the luminosity and yellowness color of product, respectively. The food
color is an important quality attribute that influences at first the buying action of the
consumer. For this, it is crucial that the appearance of the new yogurt meets the intention



A Preliminary Study of the Effect of White Crowberry Extract 305

Table 1. Characterization of yogurt,manufacturedwith andwithout the crowberry fruits’ extracts,
regarding the pH-value, soluble solids content (SSC, ºBrix) and color parameters (L*a*b*)

Quality attributes CTR LIO CAM

pH 4.57 ± 0.01a 4.57 ± 0.01a 4.52 ± 0.02a

SSC (ºBrix) 16.41 ± 0.07a 15.94 ± 0.05b 16.57 ± 0.06a

L* 87.70 ± 0.60a 89.08 ± 0.41c 82.23 ± 0.94b

a* -3.91 ± 0.06a -3.95 ± 0.08a -3.61 ± 0.28b

b* 5.89 ± 0.62a 8.33 ± 0.49b 6.13 ± 1.33a

TPC (mg GAE.g−1) 0.70 ± 0.31a 1.27 ± 0.15a 1.35 ± 0.06b

The presented results denote the average ± standard deviation.
Different letters, in the same Line, represents significant difference at p-value< 0.05 (Tukey test).

of consumers, a pleasant overall appearance, as can be detected by the results obtained
in the sensorial analysis (Fig. 4).

Fig. 4. Sensorial evaluation of the yogurt samples (with: LIO and CAM and without extract of
the Portuguese white crowberry fruits: CTR and the commercial yogurt: COM).

The acceptability of a new food product from the consumer point of view is an
important and major factor in the success of the product. By comparison of the enriched
yogurt samples, a similar appearance with an identical color and global flavor was
achieved in LIO and CTR samples. Despite the slight difference between the texture of
this yogurt samples, in both a pleasant with a small difference in firmness was detected.
As previously mentioned, the CAM yogurt sample did not achieve the expected solid
texture and for this reason the panelists evaluated this enriched yogurt as low pleasant
as compared to the other enriched yogurt samples.



306 J. Pinheiro et al.

4 Conclusions

The present study reveals the potential of unexploited and endemicwild crowberry fruits,
showing the advantage of its use in the freeze-dried way as a natural and promising
ingredient with health promoting compounds. Since the preliminary work showed the
potential of the Portuguese white crowberry fruits, as a new ingredient in yogurt man-
ufacturing, further studies regarding the evaluation of its bioactive composition such
as the antioxidant capacity expressed by different methodologies as DPPH scavenging
activity, ferric reduction activity potential and ABTS are in progress.
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Abstract. Coal gasification is a mature technology for conversion of fossil coal
to syngas and subsequentially produce chemicals and fuels. In recent years, gasi-
fication has been proposed as a suitable technology for conversion of biomass and
wastematerials, to promote renewable energy sources and circular economy.Gasi-
fication of polymeric and miscellaneous wastes often requires a pre-carbonization
step to obtain a homogeneous raw material with better fuel properties. However,
coal and biochar gasification face specific challenges that require adequate solu-
tions. Thesematerials have high chemical stability and low volatile matter content,
characteristics that hinder their full gasification at low temperature. Also, theymay
yield large fractions of tars and impurities that must be removed from the syngas
before it can be used in energy or material applications. The use of catalysts can
mitigate these limitations by reducing the activation energy of gasification. Alkali
metal and alkaline-earth metal (AAEM), transition metal compounds and natu-
ral catalysts are the most widely used catalysts in the coal gasification process,
due to their catalytic activity, availability, and low cost. Composite catalysts may
allow a higher efficiency, as they have strong synergies, higher stabilities and can
improve the gasification conversion rate compared to single catalysts. The scope
of this review is the assessment of gasification fundamentals and technology, and
the specific conditions for coal and biochar gasification. In addition, the authors
comparatively discuss various catalyst typologies in gasification, and sheds light
on low-cost and environmentally friendly catalysts as a potential solution for coal
and biochar gasification.

Keywords: Coals · Biochars · Catalysts · Gasification

1 Introduction

1.1 Exploring Gasification

The history of gasification is not recent, the first real application was developed in 1798
by William Murdoch that proposed coal gasification to obtain a combustible gas, at the
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time called town gas and that was used for lighting purposes. Various cities in Britain
used town gas (also called coal-gas) for street lighting. From 1798 to 1850, the technol-
ogy was improved, and several reactors were developed, but the invention of the electric
bulb (after 1879) led to a significant decline of the town gas industry and gasification
became confined to heating and cooking applications [1, 2]. Coal gasification regain
interest during World War I and II, due to the scarcity of oil and refined fuels. The
Fischer-Tropsch process to produce oil from syngas was proposed and used to obtain
alternative liquid fuels [1]. Biomass gasification also became very popular duringWorld
War II, when approximately one million downdraft “gas producers” were used to power
cars, trucks, boats, trains, and electric generators in Europe and in the United States [3].
After the war, interest in coal and biomass gasification technologies declined again due
to the growing availability of cheap crude oil. The first commercial gasification plant
(theWabash River Coal Gasification Project) was implemented in 1999 in the USA [1, 2,
4]. The instability of fossil fuel prices (mainly oil), and concerns of climate change and
environmental pollution, have put biomass and waste gasification increasingly under the
spotlight, increasing the number of gasification projects around the world[4, 5]. Gasifi-
cation is a key process for enabling the chemical utilization of carbonaceous resources
to produce chemicals and fuels. The main application areas are: (1) chemical recycling
of carbonaceous waste to replace fossil feedstock, (2) production of green hydrogen
from (biogenic) waste, and (3) CO2 neutral liquid fuels from biogenic wastes for trans-
portation sectors [6]. The substitution of fossil fuels, such as coal, by biomass/biochar
gasification is one of the current decarbonization strategies, allowing the capture of CO2
or even negative CO2 emissions [1].

2 Coal and Biochar Gasification: Main Limitations and Concerns

Gasification is the thermochemical conversion of organic solid material (coal, biomass,
plastics, and organic waste) into a gaseous mixture of carbon monoxide (CO), hydro-
gen (H2), carbon dioxide (CO2), and methane (CH4) via partial oxidation. Is typically
carried out at temperatures of 700–1500 °C and atmospheric pressure in the presence of
pure oxygen, air, steam, and CO2 [5, 7, 8]. Gasification is very sensitive to the nature
of the feedstock, that strongly influences gasification performance and syngas compo-
sition [9]. Coal or biochar gasification at moderate temperatures (~700 ºC), may lead to
incomplete thermal decomposition given the high chemical stability of the raw mate-
rials. In those conditions it is expectable to occur the formation of tars and impurities
that preclude direct use of syngas for power generation [10–12]. The efficient operation
of engines coupled to gasification plants requires high-quality gas fuel [13], with CO
and H2 concentrations higher than 10% and a high calorific value very low tar content
(<100 mg/Nm3) and total absence of particles, ammonia, and sulphur dioxides (NH3,
SO2) [14, 15]. Tar compounds may condense in compressors and gas engines, restricting
their technical and commercial viability [16]. Other impurities such as ammonia, acid
compounds and ashes need to be completely removed, to ensure proper operation of the
energy conversion equipment [13, 17]. The high ash content and mineral composition of
coals and biochars can also lead to the formation of high levels of solid by-products and
fly-ashes [18]. Increasing the gasification temperature can improve the carbon conver-
sion efficiency of coals and biochars, but may also increase CO2 production, reducing
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the calorific value of the syngas [11, 12]. The use of catalysts seems to be an option
to mitigate these limitations by reducing the activation energy and improving the reac-
tion efficiency of gasification and facilitating tar cracking at lower temperatures [17,
19]. Catalysts ease the thermal and mass transfer resistance through the particles while
providing an alternative lower-energy pathway for the reaction to proceed [4].

3 Investigating Common Catalyst in Coal and Biochar Gasification

Alkali and alkaline-earth metals (AAEM) such as potassium (K), sodium (Na), calcium
(Ca), and magnesium (Mg), and transition metal like iron (Fe), nickel (Ni), cobalt (Co)
compounds, are themost frequent components of catalysts used for coal gasification [20,
21]. Sodium salts have been recognized to be excellent catalysts, which can accelerate
gasification reaction rate and lower reaction temperature by 200–300 °C [22]. Most
of these metals (Na, K and Ca) are already abundant in biochars therefore may act as
natural catalysts, decreasing the cost of an added industrial catalyst [18]. The biochar
reactivity in the gasification process is associated with structural features of char such as
mineral content, porosity and surface area and active sites [23]. The AAEM’S that are
inherently present in the biochar could also serve as catalytic active sites to induce tar
reforming reactions [8]. However, the activity of aaem catalysts increaseswith increasing
loading, so the number of catalytically active species contained in the biochar may not
be sufficient. Therefore, increasing the number of active species by adding catalyst to
the feed or to the gasification bed may be a more efficient solution [24].

3.1 Catalyst Classification: Single Component, Composite, and Disposable

Catalysts can be classified into single or composite materials, and reusable or disposable
catalysts. In the case of single-component catalysts it has been shown that the catalytic
activities of alkali metal are higher than those of alkaline earth metal and transition
metal for three main gasification reactions [25]. For alkali catalyst the catalytic activ-
ity increases with the increase of relative atomic mass of alkali metal. For example,
the order for catalytic activity of the alkali metal carbonates is Cs2CO3 > K2CO3 >

Na2CO3 > Li2CO3. Due to the Cs high price, It is not suitable for industrial application,
which makes k is the first choice, presenting a good catalytic activity and less tendency
of coking. Catalysts containing K used in gasification are mostly k2co3 and koh which
are compounds naturally found in biochar [26]. Apparent realizations of promoters can
be obtained by combining catalysts. The combination of catalysts, results in Catalysts
that may include binary composites or ternary composites. The K catalytic effect can
be influenced by the presence of Ca, so positive synergic effects can be obtained when
combining K and Ca catalysts. Several roles of ca had been verified during the gasifica-
tion, such as promoting the gasification rate, protecting potassium avoiding deactivation,
sulfur fixation, and in-situ carbon dioxide capture [20, 25, 26]. The steam gasification of
corn cob biochar was evaluated using four alkali salts as catalysts (KOH, K2CO3, NAOH
and NA2CO3) and the highest catalytic activity was obtained for alkali hydroxides. The
maximumH2 yield of 197.8 g/kg coal was obtained with 6%wt KOH [12]. Karimi et al.,
(2011) reported that K2CO3 and Na2CO3 were the most effective catalysts for bitumen
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coke steam gasification at 600–800 °C. When K2CO3, KCl, Na2CO3, CaCO3, CaO and
MgO are selected as catalysts [27]. Indeed, alkaline carbonates and hydroxides rela-
tively have greatest catalytic activity compared with metal sulfates, nitrates, oxides, and
acetates [20, 25, 26]. Other studies proved that composite catalysts (NA2CO3- FECO3)
have better catalytic activity than individual catalysts during coal gasification with CO2.
They have strong synergy, higher stability and can increase the gasification conversion
rate by 100–500% compared to the effect of individual Na2CO3 and Fe2CO3-based
catalysts [20]. However, composite catalysts, especially ternary ones, are very difficult
to recover. on the other hand, disposable catalysts are cheap catalysts, usually corre-
sponding to residues from agriculture, forestry, and industry, existing in abundance and
widely available. They are economically and environmentally friendly catalysts. never-
theless, their catalytic activities are often low [25]. The comparisons of different types
of catalysts are shown below in Table 1.

Table 1. Comparison of different types of catalysts. Adapted from [25].

Parameter Alkali metal Alkaline
earth metal

Transition
metal

Composite
catalysts

Disposable
catalysts

Representative K Ca Fe K-Na-Li Biomass ash

Catalytic loading
amount

Large Medium Small Large Small

Recovery Difficult - - Very difficult No

Price High Low Low Medium Very low

Activity High Medium Medium Very high Low

Numerous studies on the catalytic gasification of coals and biochars with single,
composite, and disposable catalytic species have been performed and are discussed in
the next sections.

4 InvestigatingCatalysts for TarRemoval and Syngas Improvement
in Coal and Biochar Gasification

Most of the work for tar minimization has been done in catalytic cracking of the tar
because of the multiple advantages of catalytic degradation compared to the alternatives
like mechanical method such as dry gas cleaning and wet gas cleaning, thermal crack-
ing, and plasma method. Catalysts can degrade comparatively stable compounds such
as aromatics and polycyclic aromatic hydrocarbon (PAHs). They can be employed in-
situ during the gasification reactions or ex-situ after gasification reactions for tar removal
and syngas quality improvement [4]. In situ gas cleaning (primary measures) involves
incorporating or mixing catalyst with the feed or by the utilization of catalytically active
bed material to achieve catalytic gasification [28]. In situ measures are attractive since
they reduce the need for downstream cleaning equipment, and the energy content of the
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undesirable species is retained in the product gas. Generally, naturally occurring min-
erals such as dolomite, limestone, bauxite, and olivine are utilized as the bed materials
owing to their higher catalytic activities [29]. Some these catalytically active bed mate-
rials such as, olivine and bauxite are suitable options for adjusting the H2/CO inside the
gasifier, promote water-gas-shift reactions (WGS) and gas quality [29, 30]. The ex-situ
gas cleaning strategies (secondary measures) use an additional reactor down-stream the
gasifier to remove or convert the tar. It includes catalytic cracking with active bed mate-
rial as used in the in-situ gas cleaning strategies. Catalytic tar removal takes place at a
comparatively lower range of temperature 700–900 °C when compared to regular ther-
mal processes (1100–1300 °C) [29]. In-situ catalysts are the most suitable and effective
strategy for tar catalytic removal and H2-rich gas production by reducing tar formation
and enhancing the tar reforming into useful product gas [28]. For tar cracking, the most
applied catalysts are nickel-based. Ni is characterized by high catalytic activity for the
reformation reactions but its resistance to sulphur poisoning, sintering and carbon depo-
sition strongly depends on the support material, promoters and other additives that are
utilized in its manufacture. Also, they require cheap carbon sorbents to have a profound
effect [4]. To date, potassium carbonate (K2CO3) has been the most suitable for catalytic
gasification of industrialized coal. The K-Ca composite catalyst is a promising catalyst
due to high gasification rate, CO2 and H2S capture removal, but is difficult to recover
[25]. The main catalysts used in removing tar and promoting H2 production from the
syngas of catalytic gasification of coal and biochar are presented below in Table 2.

Table 2. Catalysts used in tar removing and H2 production during coal and biochar gasification.

Feed Atmosphere Catalyst Tar content
(g/Nm3)

H2 content
(vol.%)

Reference

Bitumen coke Steam K2CO3 - 68.3 (mol.
%)

[27]

Na2CO3 - 71.5 (mol.
%)

Yuyang coal Steam Alkali-feldspar
and Quartz sand
(bed material)

10.2 57.1 [29]

Quartz sand (bed
material)

55.5 47.9

Bituminous coal Steam Calcined olivine
(bed material)

16.8 50.9 [31]

Bituminous coal Steam Na+ (1 wt%) - 62.0 [24]

50% Brown coal
+ 50% pine
sawdust

Steam Calcined
dolomite (bed
material)

7.2 50.6 [32]

(continued)
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Table 2. (continued)

Feed Atmosphere Catalyst Tar content
(g/Nm3)

H2 content
(vol.%)

Reference

Olivine (bed
material)

9.1 47.2

Sand (bed
material)

16.4 38.1

Sawdust biochar Steam KCe (5%K +
5%Ce)

- 67.6 [33]

KCo (5%K +
5%Co)

- 65.4

Sub-bituniboous
coal

Steam Chicken calcined
eggshell
(20wt%)

- 64.0 [34]

Anthracite coal Steam Spirit-based
distillers’
grains (1:1)

- 68.0 [35]

80%coal +
20%polyethylene

Steam/O2 Ni-dolomite 13.0 31.0 [36]

Bituminous coal
+ wood residue

O2 K2CO3 (mass
ratio 1.0)

9.62 52.05 [37]

60%
sub-bituminous
coal + 40%
sawdust

Air Silica sand (bed
material)

5.61 (g/kg) 11.0 [38]

Lignite Air Quartz sand (bed
material)

0.365 8.3 [39]

Turkish coal
(25.62 wt% ash)

Air Calcined
dolomite
(10wt%)

- 17.70 [40]

Bituminous coal Air Calcined
dolomite (5wt%)

25.2 (g/kg) - [41]

70%Coconut shell
+ 30%Biochar

Air Biochar (30wt%) - 8.84 [42]

Although many types of catalysts can catalyze tar upgrading and improve syngas
quality during gasification, some disadvantages may limit their industrial application.
The high cost of the catalyst materials themselves, the decline in their performance and
activity over time, and the difficulty in recovering and recycling some catalysts, triggers
the search for efficient, cost-free, and highly stocked waste materials as gasification
catalysts [43]. The search for environmentally friendly catalysts in coal and biochar
gasification is a current goal to make these processes cost competitive in the markets.
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Studies have been done in this direction. For example, Fan et al., (2017), used calcined
chicken eggshell as a catalyst in the steamgasification of sub-bituminous coal in a tubular
fixed bed. The results showed that compared to the raw coal non-catalytic gasification,
the use of calcined eggshell could improve the carbon conversion, reaction rate and yield
of H2 (80% higher) in the syngas [34]. Lv et al., (2019), in steam gasification of blends
of anthracite coal using spirit-based distillers’ grains as a catalyst with mass ratios of
1:1, also recorded an increase in H2 concentration compared to not using a catalyst [35].
Development on known catalysts and work on new and more innovative and suitable
catalysts are promising options to minimize tar and improve syngas quality.

5 Conclusion

Gasification is a key process for enabling the chemical utilization of carbonaceous
resources to produce chemicals and fuels. Coal or biochar gasification has some specific
challenges such as the high ash content and mineral composition of these materials as
well as the significant amounts of produced tars that must be removed from the syngas.
The use of catalysts seems to be an option to mitigate these limitations. Most studies
of catalytic gasification of coal and biochar use steam as the reaction medium, which
ultimately favors hydrogen production. The use of air despite decreasing the costs of
the process seems to have received little attention. Natural catalysts such as dolomite,
olivine and quartz sand and composite catalysts (essentially carbonate catalysts) are the
most used in catalytic gasification of coal and biochar, showing good catalytic activity in
reducing tar and promoting H2 production. More disposable waste catalysts with accept-
able catalytic activities need to be developed to make these processes cost competitive.
Catalytic gasification of coal and biochar can potentially become a widely used process
on an industrial scale if the catalysts selected are cheap and efficient.
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Abstract. Thermochemical conversion of solid fuels depends on the devolatiliza-
tion rate of the volatile compounds. Depending on the process, the temperature
is the key variable that controls such a process. Refuse Derived Fuels (RDFs)
are fuels that can have a positive impact on the energy mix while contributing to
the reduction of landfill material. Due to its variable composition, to design the
conversion facility, it is of utmost relevance to have an accurate understanding of
the actual behaviour of the fuel. Although gasification is the preferred route for
energy conversion of RDF, carbonization appears to be an attractive pre-treatment
process to reduce the corrosive compounds such as chloride RDF. For this pur-
pose, samples were selected from a waste treatment plant in the north of Portugal,
and the char was obtained after 30 min carbonization at 400 °C. Vegetable char
was also tested to be used as the main reference. To understand the influence
of other materials on the process, biomass and sewage sludge were used. Mixed
with the RDF char on a weight percentage of 20%. The thermal degradation was
performed on an oven, equipped with an oxidant agent inlet, a scale, and a gas
collecting system to analyse the combustion gases. To complement the data, a
TGA and DSC analysis were also performed in both air and argon atmosphere.
The data demonstrates that the vegetable char presents the highest resistance to
thermal degradation, followed by the RDF char, the RDF char with SS, and the
RDF char with biomass.

Keywords: RDF · Char · Devolatilization · Fuel Mix · Carbonization ·
Biomass · Sewage Sludge

1 Introduction

Refuse Derived Fuels (RDF) are wastes originated from the treatment of Municipal
Solid Wastes (MSW). Because of their main composition, they are considered fuels and
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they can be used for power generation on a power facility. These power facilities can
operate on different types of process. They can operate as direct combustion, or even as
a gasification or pyrolysis process.

In Portugal it was reported that, in 2019, 683 t of RDF were produced [1]. However,
not all this amount was used for power generation. The RDF has a major problem,
sometimes, their heterogeneity and composition (mostly, moisture and chlorine content)
makes it unsuitable to use it as a fuel. In that case, the only option is sent it to landfill.
As a solution, the carbonization appears as a pre-treatment process to uniformize the
product and make it reliable for power generation. Reducing the moisture and chlorine
content, and increasing the Low Heating Value and carbon percentage of the fuel [2].

However, being the RDF a waste with a wide versatility in composition, the char
itself will also present some versatility. So, it is important on a first stage understand
the devolatilization process of the material in order to design a proper facility. Assess
the best conditions to use the material as a fuel or even understand if any additives are
necessary [3].

In that sense, thermal degradation, Thermogravimetric Analysis (TGA) and Differ-
ential Scanning Calorimetry (DSC) can provide fundamental information concerning
the temperature range for maximum weight loss, reaction rate, and devolatilization gas
composition [4].

Several authors have performed this type of analysis and proved to be relevant for
their work. Among them are Mohalik et al. [5] that applied this analysis to determine
spontaneous combustion propensity behaviour of several types of coal; Chen et al. [6] that
applied the TGA analysis to investigate the pyrolysis characteristics of several biomass;
andKim et al. [7] that have studied the physicochemical properties and pyrolysis kinetics
of hazelnut husk.

The goal of this analysis is to provide some relevant data about the present RDF char
to use it as a fuel on a future facility. Being relevant not only for academic but also for
industrial purposes.

2 Materials and Methods

The experimental tests were performed using RDF Char (RDFc) obtained from an RDF
carbonization performed under 400 °C during 30 min. The RDF was collected from a
waste treatment power plant in the north of Portugal. Originated from hard wood, the
vegetable char used as reference came from a certificated company. The sewage sludge
(SS) came from a wastewater treatment plant in centre of Portugal and pine wood was
used as biomass (Bio). The characterization of these materials was performed, and the
results are depicted in Table 1.
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Table 1. Properties of the different materials.

Analysis SS Bio RDFc VEGc

Proximate (dry basis)

Moisture 10.0 9.5 2.4 5.4

Volatile Matter (VM) 58.6 91.6 61.7 21.2

Ash 37.3 0.1 25.5 6.1

Fixed Carbon (FC) 4.1 8.2 12.8 72.7

Ultimate (dry basis)

Carbon (C) 33.1 50.4 58.3 77.8

Hydrogen (H) 4.5 6.4 5.6 2.7

Nitrogen (N) 3.5 0.1 1.6 0.6

Oxygen (O) 21.6 43.0 9.0 12.8

The Fixed Carbon and Oxygen were obtained by calculation, using the previous
values. The fixed carbon was calculated following the Eq. (1):

%FC = 100% − %Ash − %VM (1)

The Oxygen was calculated following the Eq. (2).

%O = 100% − %Ash − %C − %H − %N (2)

2.1 Experimental Setup

The experimental tests were performed at the Heat and Fluids Laboratory of the Depart-
ment of Mechanical Engineering of University of Minho. An oven, with a 5 L chamber,
was adapted by a research team to implement a scale along with a gas inlet and a gas
collecting system. The oven is capable of reach 1200 °C and has a Eurotherm Nanodac
as a temperature controller.

The scale is a Shinko Denshi AJ-620CE with a capacity of 620 g, a readability and
repeatability of 0.001 g. To control the air injected into the oven, a TSI 4043 FlowMeter
was used. LabView was used as a software to acquire data from the scale and the flow
meter sensor. To collect the devolatilization gases, a purpose made probe connected to a
SKC 24-44MTX vacuum pump were used. The gas was collected into gas sample bags
and then analysed.

The Thermogravimetric (TGA) andDifferential Scanning Calorimetry (DSC) analy-
sis were performed on a SDT 2960 Simultaneous DSC-TGA equipment from TA Instru-
ments. To understand the influence of the atmosphere on the process, all samples were
tested under air and argon atmosphere.
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2.2 Test Procedure

The purpose of the tests is to study the devolatilization of the samples along time, under
a controlled temperature. For that reason, no air was injected, and the air considered on
the combustion process was the one presented on the oven, represented by its volume
(≈5 L). Themain sample to study is the RDFChar. TheVegetable char was implemented
as a reference (common char on the market) and to understand the influence of another
materials, SS and Biomass were also used. All the samples were weighted and mixed
before entering the oven. For each test 30 g of sample were used. When the SS and
Bio were added, these materials were mixed with the RDFc on a weight percentage of
20% (6 g of SS or Bio and 24 g of RDFc). To uniformize the tests, all the samples
were sieved to have a particle diameter < 500 µm. To perform the tests, the oven was
firstly pre-heated to 800 °C. After the oven’s temperature stabilization, the sample was
introduced into the sample container, which is connected to the scale, and afterwards
introduced inside the oven. The gases were stored into sample bags and then analysed
in different parameters (H2, CO, CO2, CH4, O2 and N2). The gas sample was collected
for 5 min starting from 1 min after the introduction of the sample in the oven.

For the DSC-TGA tests, once the amount of sample used in this type of tests are
inferior to 10 mg, it is important to assure an uniformization of the sample. To minimize
errors, particle diameter was reduced to< 150 µm. The sample was introduced into the
equipment and heated up to 900 °C on a heating rate of 10 °C/min.

3 Results and Discussion

This chapter depicts the results obtained on the thermal degradation for the mass loss
and devolatilization gas compositionl; and the DSC-TGA analysis of the four samples
in both air and argon atmosphere.

3.1 Thermal Degradation

From all the samples, it is noticeable that the VEGc it the most resistant to thermal
degradation (Fig. 1). Although the degradation curve is similar to the samples with
RDFc, the reaction rate will be different. On the literature, the authors relate this event
to the sample’s composition. Explaining the higher thermal resistance due to the higher
fixed carbon and lower volatile matter [8–10].

The samples with RDFc presented a similar behaviour between them. However, the
incorporation of SS or Bio stands out as a major contribute to the sample’s devolatiliza-
tion. Specially for theBio oncewas the additive thatmost contributed for the devolatiliza-
tion process. This can be explained by the higher volatile matter of the biomass. Which
contributes for a better reaction under this circumstances [11].

The overall mass loss percentage was 60% for RDFc with Bio, followed by 55% for
the RDFc with SS, 52% for the RDFc, and 36% for the VEGc.

The gas analysis is representative of the phenomena that was demonstrated before.
For the VEGc, the gas analysis (Table 2), shows a lack of diversity of gas products.
Suggesting that there was a slight combustion, and the rest of the gas was air (present in
the oven).
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Fig. 1. Thermal degradation at 800 °C

Table 2. Gas analysis from the thermal degradation tests

Parameter (%) RDFc + Bio RDFc + SS RDFc VEGc

H2 1.5 2.7 3.6 0

O2 14.9 3.8 5.9 10.0

N2 70.5 69.4 70.2 78.1

CO 1.5 2.9 4.0 0

CH4 1.4 2.8 4.0 0

CO2 4.7 14.7 13.9 12.5

For the samples with RDFc the scenario was different. The air contained in the oven
was the only available for reaction. However, was enough to produce some combustible
gases. The RDFc with Bio was, among the three, the one with lower gas combustibles.
The highest O2%on the gas (≈15%) suggest that thismight be related to the composition
of theBio once it is the onewith higherO% in its composition. The difference between the
RDFc and RDFc with SS was subtle. However, the gas from the RDFc was slightly rich
in combustible compounds. The higher CO2 with SS imply that this additive emphasises
combustion. Which can be a major contribute depending on the application. Despite its
≈14% of CO2, the RFDc gas was the one with higher H2, CO and CH4, suggesting that
it is the most indicated for pyrolysis and gasification purpose.
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3.2 TGA and DSC

3.2.1 Air Conditions

The TGA in air conditions (Fig. 2) comes to complement the information provided
before. VEGc was the one that presented the highest ignition temperature. This phe-
nomena is preferable to avoid spontaneous ignition, making the fuel storage and trans-
portation safer [10]. It is noticeable that, till 200 °C, the RDFc was the one with the
lowest mass loss. Being this the drying stage, the samples with lower moisture content
will be the ones that will lose less mass until they reach the ignition point [12].

Although it is the one with higher ignition temperature, the almost vertical curve of
VEGc mass loss implies that it is the one with higher reaction rate. Meaning that, even if
the sample present less volatile matter compared to the other ones, the higher percentage
of carbon will eventually be used to react with the available oxygen. While the other
samples have more volatile matter but low carbon to react with the oxygen [12]. As a
prove, Fig. 3 shows the DSC curve for the different samples. As it is depicted, the VEGc
is the one presenting the highest peak, meaning the highest reaction rate of all. The max
mass loss for the samples were, 89%, 84%, 81% and 78% for the VEGc, RDFc with
Bio, RDFc with SS and RDFc, respectively.

As it was noticed before on the thermal degradation, the RDFc was the one that
presented less reaction, followed by the RDFc with SS and Bio. Proving once again the
importance of these additives for thermal degradation.

Fig. 2. TGA performed in Air Conditions

From the Fig. 3 it is noticed that there are two main peaks going on. The first major
peaks developed are due to the combustion of volatile matter. The second major peaks
triggered are owing to the combustion of remaining lignin and char or fixed carbon [8].
Otherwise, once the RDF ismanly composed by several materials, these two peaks could
suggest there is two types of chars on the mixture. Further test should be performed to
confirm this quote.
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From the data it was possible to conclude that the VEGc was the one with highest
heat flow, followed by RDFc with Bio, RDFc, and RDFc with SS. The values were 77,
21, 19, and 18 W/g, respectively.

Fig. 3. DSC performed in Air Conditions

3.2.2 Argon Conditions

The TGA performed in argon conditions is similar to the thermal degradation showed
previously. However, shall not be compared directly once the test conditions are not the
same. For this case, the max mass loss obtained was 25%, 52%, 52% and 57% for the
VEGc, RDFc, RDFc with SS and RDFc with Bio, respectively (Fig. 4). Once again, the
VEGc in an atmosphere without oxygen has no way to react the internal carbon due to
the lack of volatile matter. In contrast, the volatile matter presented on the other samples
played a significant role for the reaction as a pyrolysis process [13]. As it can be noticed,
the thermal degradation happens in several steps. These steps are the different stages of
the pyrolysis process, which may occur in different stages of temperatures. This results
are agreed with the literature [14].

Compared with the exothermic behaviour presented in atmospheric condition (pos-
itive part of the DSC graph), the main reactions are endothermic in argon atmosphere
(negative part of the DSC graph) [15, 16]. In this scenario, the max heat flow released by
the samples were, 0.346, 0.289, 0.286, and 0.243 W/g for RDFc with Bio, RDFc, VEGc
and RDFc with SS, respectively. On the endothermic range (negative part of Fig. 5), the
VEGc was the one that resisted the most to the temperature. For the RDFc and additives,
the addition of Bio showed a beneficial behaviour, and the SS having the opposite effect.
Having the RDFc in between the two additives.
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Fig. 4. TGA performed in Argon Conditions

Fig. 5. DSC performed in Argon Conditions

4 Conclusions

The devolatilization of an RDF char were studied by performing a thermal degradation,
TGA and DSC analysis. The RDFc was obtained from an RDF carbonization at 400 °C
during 30 min. To complement the information, Vegetable char (VEGc) was used as
reference and Biomass (Bio) and Sewage Sludge (SS) were used as additives to the
RDFc, individually, on a mass percentage of 20%.

The thermal degradation occurred on an oven, at 800 °C and the gas from the
devolatilization process was analysed. From the tests, the VEGc was the one that pre-
sented the most resistance for devolatilize, followed by the RDFc, RDFc with SS and
RDFc with Bio. In this scenario, the addition of Bio provided conditions for a better
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devolatilization rate. From the gas analysis, the RDFc proved to have the devolatilization
gas with better quality for pyrolysis and gasification purposes.

On the DSC- TGA in air conditions, the VEGc proved to be the material with
higher ignition temperature and higher reaction rate. Considered the most preferable for
combustion purpose. Regarding the RDFc, the supplements proved to have a positive
influence on the devolatilization process. Being the Bio, once more, the one with highest
impact due to its higher volatile matter.

For the DSC- TGA in argon conditions, the VEGc showed same behaviour as in
the thermal degradation tests. Being the one with the highest resistance to temperature.
Regarding the other materials, the presence of Bio proved, a positive influence for the
degradation process. However, the SS had the opposite behaviour, comparing with the
RDFc without additives.

These types of analysis help to understand the behaviour of these materials and
provide data in case of design a thermal facility for combustion, gasification, or pyrolysis
purposes. However, more tests should be performed considering other variables (particle
diameter, gas composition along the degradation time, etc.) and conditions (temperature,
air flow rate) to support the theories mentioned before.
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Abstract. Pig farming effluents usually present high levels of suspended solids as
well as organic and biological contaminants that hinder the application of conven-
tional treatment methods. Thus, novel treatment alternatives are needed to solve
the problems of point source pollution arising from pig farms. In this paper, the
integrated treatment of pig farming effluents was carried out using precipitation
with wastes, atmospheric carbonation, and bioremediation with microalgae. First,
different alkaline wastes (biomass ash, lime sludge and grits) were evaluated as
coagulation agents. The raw effluent was diluted (1:5) and pre-treated via chem-
ical precipitation at concentrations from 25 g/L to100 g/L. Biomass ash at the
concentration of 100 g/L increased the effluent’s pH to 12.56 and allowed the
highest removal of total solids (64.2%) and chemical oxygen demand (87.2%).
After this step, the effluent’s pH was adjusted to 7 by atmospheric carbonation
or the addition of concentrated H2SO4. The pre-treated effluent was then inoc-
ulated with microalgae cultures (Chlorella vulgaris and Tetradesmus obliquus;
10% v/v) to evaluate the removal efficiency of critical effluent parameters such
as total solids, total nitrogen, total phosphorus, and chemical oxygen demand.
The proposed integrated process enabled the treatment of pig farming effluents,
achieving promising results for the reduction of critical parameters and promoting
CO2 capture during atmospheric carbonation and microalgae growth.

Keywords: Pig farming effluents · Integrated treatment · Atmospheric
carbonation ·Microalgae

1 Introduction

Pig meat is an important market worldwide with an estimated pork production of
about 122 million tons in 2021 (FAO 2021). Pig rearing methods include outdoor or
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intense farming where pigs are accommodated in small houses and commonly fed with
antibiotics and hormones to increase production and reduce mortality.

In China, the world’s leading pork producer, small-scale farms generate about 1300
tons of wastewater per year, including feces, urine and washing wastewater. This number
equates to 4 to 8 L ofwastewater per day per pig, totaling 16 kg of nitrogen (N) per animal
per year (Nagarajan et al. 2019). Due to the high concentrations of pollutants present in
swine effluent, such as organic matter (2000–30000 mg/L COD), total nitrogen (200–
2055 mg/L) and total phosphorus (100–620 mg/L) (Cheng et al. 2019), the treatment
of these effluents is still inefficient and a major challenge. As such, the integration
of novel treatment processes that allow effluent remediation and recovery of valuable
products are increasingly attractive. Tomeet these needs, thiswork presents an innovative
and effective treatment alternative that integrates the valorization of mineral wastes
as chemical precipitation agents and allows the recovery of nutrients in the form of
algal biomass. Four types of alkaline wastes were evaluated as precipitants for effluent
pre-treatment and atmospheric carbonation was compared with acid neutralization as a
sustainable option for pH adjustment. Finally, bioremediation of the pre-treated effluent
was evaluated as the main treatment process using two species of microalgae (Chlorella
vulgaris and Tetradesmus obliquus).

2 Material and Methods

This study was divided into three stages: (1) effluent pre-treatment through chemical
precipitation, (2) neutralization and (3) remediation with microalgae, according to the
figure below (Fig. 1):

Fig. 1. Flowchart of the steps covered in the study: chemical precipitation with alkaline waste,
neutralization, and bioremediation with microalgae.

Initially, the raw pig farming effluent was diluted at 1:5 with tap water and solid
contaminations (sand and biomass fragments) were removed by filtration through a
textile filter. The diluted effluent was then subjected to chemical treatment with alkaline
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wastes (fly ash, fly ash+Ca(OH)2, lime sludge and grits), at concentrations from 25 to
100 g/L, for 1 h, under stirring. The effluent treated with fly ash at 100 g/L was selected
for further experiments and was neutralized by the addition of sulfuric acid or using
forced aeration (atmospheric carbonation). Both effluents were then used as a culture
medium for two species of microalgae and their potential for effluent remediation was
evaluated. The following diagram presents all the steps covered in the study.

2.1 Effluent Characterization

The crude pig farming effluent was provided by Aviliz Group, an important livestock
production company with farms distributed in the regions of Rio Maior, Leiria and
Marinha Grande (Portugal). The effluents (25 L samples) were collected at the point of
release into the first settling lagoon and presented a pasty consistency. After dilution
and filtration, samples were characterized for pH (Crison MicropH 2001 m), electrical
conductivity (Mettler ToledoMC226ConductivityMeter) and chemical oxygen demand
(COD) using the dichromate method (Hanna Instruments test kits). Total solids (TS)
and volatile (VS) and fixed solids (FS) were determined according to standard methods
(2540B and 2540E, respectively) (APHA 1985).

2.2 Precipitation with Alkaline Wastes

Four types of alkaline wastes were used as precipitants: two fly ash samples from
the Mondego Thermoelectric Power Station (with and without supplementation with
Ca(OH)2) and two mineral wastes (lime sludge and grits) from The Navigator Com-
pany, a pulp and paper industry. The alkaline wastes were milled, if necessary, homog-
enized and sieved at 500 µm before use. The precipitation procedure was adapted from
(Viegas and Gonçalves 2021). Briefly, samples of the diluted effluent (150 mL) were
treated with different doses of precipitants (25 g/L, 50 g/L, 75 g/L and 100 g/L), for 1 h,
under vigorous stirring. After this period, the samples were allowed to sediment for 24
h and decanted. The volume of decanted effluent was measured to determine the yield
of aqueous phase. The sedimented sludge was dried in an oven at 105 °C to determine
total solids (TS), subsequentially ashed at 550 °C for 1 h, to determine fixed solids (FS)
and volatile solids (VS) were determined by difference. The dry weight of sedimented
sludge was considered as dry yield of solids relatively to the added ash mass.

Atmospheric carbonation tests were adapted from (Madeira et al. 2020) and involved
forced aeration with atmospheric air. The effluent samples (1 L) pre-treated with alkaline
waste, were placed in a glass cylinder of the same capacity, and atmospheric air was
continuously bubbled, using an air pump connected to a diffuser stone placed in the
bottom of the cylinder. This aeration regime took place at cycles of 10 h followed by
14 h of rest, at an airflow of 25 L/h.

Samples were monitored daily for pH and electrical conductivity, until a neutral
pH value between 7 and 8 was reached. The effluent treated with biomass ash and
after the atmospheric carbonation step were characterized for the same physicochemical
parameters as described for the raw effluent.
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2.3 Bioremediation with Microalgae

Two culturemedia were evaluated for remediationwithmicroalgae:M1 - diluted effluent
samples pre-treated with alkaline waste followed by atmospheric carbonation, and M2 -
effluent treated with alkaline waste and neutralized with sulfuric acid (H2SO4) (Viegas,
Gouveia, and Gonçalves 2021). For both media, the contents of nitrogen, phosphorus,
COD, pH and electrical conductivity were analyzed before inoculation with microalgae
to verify the need for dilution.

The pre-treated effluent samples (750 mL) were placed in Erlenmeyer flasks
(1000 mL), sealed with hydrophobic cotton and were inoculated with 75 mL of
microalgae cultures grown in BG11 medium. Two species of microalgae were used:
Chlorella vulgaris and Tetradesmus obliquus. Each reactor was kept continuously aer-
ated (~200 mL/min), at room temperature (close to 20 °C), under artificial lighting with
LED fluorescent lamps, at ± 200 µE m−2 s−1 (digital luxmeter ROLINE, model RO
1332 A). The reactors were monitored daily for pH, electrical conductivity and optical
density at 540 nm (Biochrome S4 Libra). Total nitrogen, phosphorus and COD were
determined weekly (Hanna Instruments kits) to evaluate the bioremediation efficiency.
Phosphorus was supplemented weekly to reach a concentration of 10 mg P/L, to com-
pensate the low concentration in the pre-treated effluents. Microalgae growth was also
analyzed weekly by determining the dry weight of a 10 mL sample filtered on a glass
microfiber filter (MFV3047–FILTER-LAB).

Analytical results were determined in duplicated and presented as average values
and standard deviations.

3 Results and Discussion

3.1 Precipitation with Alkaline Wastes

Since the pig farming effluent is composed of urine, feces and washing water from pig
breeding sites, raw samples had a sludge consistency andwere rich in solids and residues.
Their general characteristics were also due to the sampling point being in the entry point
of the reception lagoon before settling and decantation can occur. The dilution of the
raw effluent allowed a reduction of total solids and facilitated filtration of the diluted
effluent using textile filters to separate some mineral wastes and biomass fragments.

The alkalinewastes used in the precipitation experimentswere fly ash from a biomass
thermal power plant and mineral wastes from pulp and paper production. These wastes
are generated in large amounts and often landfilled, a non-sustainable option with the
generation of no added value. The four wastes were evaluated as precipitants at doses
from 25 g/L to 100 g/L and the yields of decanted effluent and precipitated solids are
presented in Table 1.

The yield of decanted effluent varied from 63.43% to 87.98% (v/v) since some com-
ponents of the diluted effluent precipitated and a fraction of the liquid is retained in the
sedimented sludge. On the other hand, the yield of precipitated solids was always higher
than 100%, which means that the solids precipitated during the treatment corresponded
to a higher mass fraction than the mineral waste components dissolved in the effluent.
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Table 1. Yields of the chemical precipitation process using different alkaline wastes at different
doses and physic-chemical properties of the liquid phases recovered.

Precipitant Dose (g/L) Aq. Yield (%) Sol. Yield (%) pH E.C. (mS/cm)

Fly ash 25 87.98 138.45 10.02 3.41

50 76.61 130.30 11.83 4.28

75 65.19 124.00 12.59 8.95

100 63.43 119.06 12.56 9.43

Fly ash+Ca(OH)2 25 81.35 176.29 9.31 3.66

50 79.60 138.76 8.95 4.12

75 76.25 127.80 11.75 3.33

100 69.08 118.86 11.83 3.77

Lime sludge 25 84.27 140.92 8.42 4.11

50 81.14 121.71 8.68 3.96

75 79.53 109.88 8.90 3.89

100 78.14 104.14 8.67 3.82

Grits 25 83.23 167.60 9.45 4.16

50 81.23 134.77 10.30 4.04

75 72.54 122.34 11.04 4.47

100 68.21 117.88 11.15 5.15

For all tested wastes, increasing the dose of alkaline waste led to an increase in the efflu-
ent’s pH, thus signaling an increased dissolution of alkaline species. Moreover, effluent
conductivity was only positively correlated with the alkaline waste dose for both fly ash
and grits. This behavior reflects a higher dissolution of waste components in the liquid
phase which affects the chemical equilibrium of the treated effluent.

The effect of the multiple chemical reactions in the turbidity of the liquid phase is
illustrated in Fig. 2.

Fig. 2. Result of pretreatment with 100 g/L for each of the four precipitants.
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FromFig. 2, it can be observed that the solutions that reached a higher pHalso showed
a higher clarification, an indication that deprotonation of organic species is involved in
the process of complexation and precipitation. This change in pH can also affect the
dissolution of inorganic salts therefore affecting the mineral composition of the treated
effluent.

Total, Volatile and Fixed Solids
Regarding the removal of solids present in the decanted aqueous phase, the following
concentrations were obtained for TS, VS and FS, as shown in Table 2.

Table 2. Removal of solids after pretreatment.

TS (g/L) VS
(g/L)

FS (g/L)

Raw Effluent
(1:5)

18.84 8.74 10.1

Precipitant Dose

Fly ash 25 g/L 6.40 3.08 3.32

50 g/L 5.54 1.82 3.72

75 g/L 6.02 0.46 5.56

100 g/L 6.96 0.44 6.52

Fly ash+Ca(OH)2 25 g/L 5.74 3.04 2.70

50 g/L 5.82 2.82 3.00

75 g/L 4.94 2.02 2.92

100 g/L 4.90 1.40 3.50

Lime sludge 25 g/L 5.10 2.84 2.26

50 g/L 4.82 2.50 2.32

75 g/L 4.92 2.40 2.52

100 g/L 5.22 2.78 2.44

Grits 25 g/L 6.28 3.22 3.06

50 g/L 7.48 3.50 3.98

75 g/L 6.94 2.70 4.24

100 g/L 7.64 3.04 4.60

The chemical pre-treatment with alkaline wastes caused large reductions in TS
(around 70%), but also VS and FS, confirming the elimination of organic and inorganic
contaminants in the treated effluents for all tested wastes.

Fixed solids increased with the dose of alkaline waste especially for fly ash and
grits. These results reflect the dissolution of the alkaline wastes in the effluent, and are
coherent with the previously presented results of pH and conductivity.
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On the other hand, VS decreased for all alkaline wastes but a positive correlation
with the applied dose was only observed for fly ash and fly ash+Ca(OH)2. The effluent
treated with fly ash presented the highest removal of VS but the lowest removal of
FS. The results indicate that coagulation and precipitation of organic species strongly
contribute to the effluent’s clarification.

Chemical Oxygen Demand (COD)
After pre-treatment with alkaline wastes, at the different doses, COD was determined
for all treated effluents to evaluate the presence of oxidizable species that would require
removal in subsequent treatment steps (Table 3).

Table 3. COD values for the raw effluent and after pre-treatment with alkaline wastes.

COD (mg O2/L)

Raw Effl. 71000

Dose Fly ash Fly ash+Ca(OH)2 Lime sludge Grits

25 g/L 40500 42500 38000 41100

50 g/L 26800 40400 35000 42100

75 g/L 11400 29500 34600 36400

100 g/L 9100 20800 36800 40000

All alkaline wastes were able to reduce COD which was to be expected given their
capacity to reduce TS. Fly ash presented the best results, reaching a removal of 87% of
COD at a dose of 100 g/L. Globally, the alkaline wastes that allowed a higher reduction
of the solution pH (fly ash and fly ash+Ca(OH)2) also had the highest efficiency in the
removal of VS, COD and turbidity.

3.2 Neutralization

Given the better efficiency in reducing VS and COD, the pre-treatment with fly ash at
a 100 g/L dose was selected for further experiments. Considering that the pre-treated
effluent had a pH of 12.56, neutralization of the medium was required before inocula-
tion with microalgae. This neutralization step was performed by pH adjustment with
concentrated sulfuric acid (H2SO4), or by atmospheric carbonation (forced aeration), a
method that enables a decrease of pH by CO2 dissolution in the aqueous medium and
avoids mineral acid consumption.

Atmospheric carbonation tests occurred for 32 days, but the pH and electrical con-
ductivity (EC) values, that were monitored daily, stabilized after 15 days, at the final
values of 8.85 and 6.78 mS/cm, respectively. For the effluent neutralized with acid COD
values were of 8470 and 9380mgO2/L, values similar to the COD value (9100mgO2/L)
of the effluent before neutralization. This may be due to the dissolution of sulfate ions in
the effluent that compensates some precipitation of dissolved or suspended solids. When
neutralization was performed by atmospheric carbonation, the dissolution of carbonate
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ions in the effluent did not have an equivalent contribution and a significant reduction of
COD (47%) was observed relatively to the value obtained after treatment with fly ash.

3.3 Bioremediation with Microalgae

Bioremediation of the pre-treated effluent, neutralized with acid or by atmospheric car-
bonation, was evaluated for 21 days, in batch mode, using the microalgaeC.vulgaris and
T.obliquus. Cell concentration and microalgae growth rate, as well as initial and final
values of the effluent critical parameters are presented in Table 4.

Table 4. Microalgae growth and nutrient removal efficiency for bioremediation tests of effluent
neutralized with acid or by atmospheric carbonation, with C.vulgaris and T.obliquus microalgae.

C.vulgaris

Parameter
(mg/L)

Neut. With
Acid (M1)

Carbonation
(M2)

Initial Final Initial Final

COD 8470 4680 4810 1731

Total N 330 270 20 170

Total P 8.4 0 1.8 0

Cell conc.
(mg/L)

1260 1660 540 920

Growth rate
(mg/L.d)

19.1 18.1

T.obliquus

Parameter
(mg/L)

Neut. With
Acid (M1)

Carbonation
(M2)

Initial Final Initial Final

COD 9380 4390 4810 2192

Total N 320 280 20 80

Total P 3.8 0 1.8 0

Cell conc.
(mg/L)

1060 1080 880 1520

Growth rate
(mg/L.d)

1.0 30.5

Both effluents, presented COD values higher than 4800 mg O2/L, but very low
concentrations of phosphorus (1.8 to 8.4mg/L), values thatmay limitmicroalgae growth,
given the role of phosphorus inATP synthesis to support the energy-required processes in
microalgaemetabolism (Su, Y. 2021). Nitrogen concentration for the effluent neutralized
with acid was in the range of 270 to 330 mg/L, but in the case of the effluent neutralized
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by atmospheric carbonation, was of 20 mg/L, a value that could also limit algal biomass
production and therefore the bioremediation process (Yaakob, Mohamed, Al-Gheethi,
Gokare, and Ambati 2021).

Despite of the challenging composition of the pre-treated effluents, both microalgae
were able to grow and reduce COD (44.7% to 53.2% for M1 and 54.4% to 64.0% for
M2), therefore performing some bioremediation of the effluents.

Initial microalgae cell concentrations varied from 540 to 1260 mg/L and had a
moderate to vestigial growth, probably motivated by the low concentrations of N and P
species in the pre-treated effluents. Total P value was reduced to zero after microalgae
growth, confirming the full consumption of the initial concentrations present in the
effluent as well as the 10 mg P/L weekly supplementation. Nitrogen concentration was
slightly reduced for the effluents neutralized with mineral acid (12.5% for T. obliquus
and 18.2% for C. vulgaris), a behavior that reflects some metabolic limitations since
nitrogen initial concentrations were above 300 mg/L in these effluents and microalgae
generally show a high ability to remediate nitrogen species (Chen and Wang 2020).

For the effluent M2, neutralized by atmospheric carbonation, initial nitrogen con-
centration was of 20 mg/L, the microalgae inoculum accounted for around 24 mg/L
additional N from the BG11 medium, but final concentrations were higher (80 and
170 mg/L). These results may reflect the death of a fraction of the microalgae cells
from the inoculum, releasing the cell nutrients into the aqueous medium. New cells
formed during the bioremediation test were not able efficiently remove nitrogen from
the solution resulting in a slight increase in total N.

All cultures were regularly observed under a microscope, and it was concluded that
despite the pH of 12 achieved during the pre-treatment some bacteria and protozoa
species still resisted and could be observed in the effluent during the experiments. These
microorganisms can have a synergistic effect on microalgae bioremediation by consum-
ing O2 and nutrients from the effluents and producing CO2 during this metabolic process
(Bhatia et al. 2022).

4 Conclusions

The chemical precipitation of suspended and dissolved materials from raw pig farming
samples using alkaline wastes as coagulating agents is a sustainable and efficient app-
roach for the pre-treatment of these effluents. The alkaline waste composition and dose
strongly influence the efficiency of the precipitation process and the final characteristics
of the pre-treated effluent. Removal efficiencies of 63% for TS, 95% for VS, and 87% for
COD were achieved with fly ash treatment at a 100 g/L dose. The neutralization of the
pre-treated effluent by atmospheric carbonation allowed to reach a pH of 7–8, compati-
ble with microalgae growth, but lowered total N and total P concentrations to very low
values, conditions that led to a poor microalgae growth. Both microalgae were able to
reduce COD of the effluents, even under limited cell growth. Dilution of the pre-treated
effluent with raw effluent to achieve adequate phosphorus and nitrogen concentrations
may be adopted to compensate these effects. In general, this study showed promising
results for the integrated treatment of pig farming effluents using chemical precipita-
tion with biomass ash, neutralization by atmospheric carbonation and bioremediation
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with microalgae. This strategy is also an economic and sustainable solution to recover
nutrients from pig farming effluents and promote CO2 capture.
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Abstract. In this work, the carbonization process was applied as a pretreatment
to valorize mixed wastes by producing chars with better fuel properties and more
suitable to be used as feed in gasification processes. For this purpose, different
types of wastes (Refused Derived Fuel, dry sewage sludge, and pinewood waste)
and their blends (RDF/sludge, RDF/biomass, and RDF/sludge/biomass) were car-
bonized at temperatures between 250 and 420 °C. Dry carbonization (DC) and
hydrothermal carbonization (HTC) were performed in a range of temperatures
between 360–420 °C and 250–300 °C, respectively. The samples were composed
of different ratios of each waste to evaluate possible synergies in the carboniza-
tion process. The biochar yield varied between 78.3 to 37.7% and the hydrochar
yield was between 60.7 and 52.7%. Proximate and elemental composition, chlo-
rine content, mass, and energy yields were determined for the original samples
and the chars produced to access the fuel properties improvement and evaluate the
most efficient condition of mixed waste carbonization. Dry and wet carbonization
lead to an increase in carbon content and heating value but only hydrothermal
carbonization yielded chars with lower chlorine content than the original materi-
als. Biomass and sludge incorporation did not have an advantageous effect on the
properties of the obtained chars.

Keywords: Dry carbonization · Hydrothermal carbonization ·Mixed wastes

1 Introduction

Energetic valorization of wastes that are not viable to be recycled is an effective way to
increase the value of the waste management process and divert an enormous amount of
high energetic materials from landfills. In this context, the production of refused-derived
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fuel (RDF) by mechanical-biological treatment plants appears as an important approach
to increasing resource efficiency by reintroducing this waste fraction into the production
chain as an alternative fuel. However, the utilization of RDF as a substitute for fossil
fuels faces several constraints related to the high heterogeneity, high moisture content,
high chlorine content, and low density of the raw waste.

To overcome the issues abovementioned, the thermochemical processes of dry
and wet carbonization may have an important contribution to producing biochars and
hydrochars more homogeneous and with lower moisture and chorine content, higher
heating values, and upgraded physical characteristics thatmay improve their combustible
properties and reduce associate costs of storage and transportation. The dry carboniza-
tion of RDF and other waste streams to obtain biochars with improved fuel properties
is described by many authors. Nobre et al. [1] produced biochars with a high calorific
value (20.1–26.2 MJ/kg) after dry carbonization (300–400 °C) of low-chlorine RDF. In
a higher range of temperature, Haykiri-Acma et al. [2] concluded that to produce biochar
with upgraded fuel properties the temperature of carbonization must not exceed 400 °C.
Carbonization of plastic-containing wastes was also described as an important step as
pretreatment before the gasification process. Recari et al. [3] applied carbonization at
320 °C in solid recovered fuel (SRF) samples before gasification and reported some
advantages of using this pretreatment mainly related to lower contaminant emissions
during gasification tests. In the same way, Alves et al. [4] reported some benefits such as
increasing the calorific value of syngas, reduced emission of HCl and tars, and increased
apparent density of the RDF chars.

DC and HTC of different types of biomass are commonly described to improve the
physical and fuel properties of chars when compared with the raw material, and some
works have also gained attention by applying this pretreatment in other waste streams,
such as sewage sludge (SS) [5]. Chen et al. [6] also reported the HTC of SS as an
efficient process to recover useful products and mitigate environmental pollution risks,
highlighting the phosphorous recovery on the hydrochars. Some studies have emphasized
the synergetic effect of co-HTC of plastics and biomass regarding combustible proper-
ties upgrade and high dechlorination efficiency of the solid fraction. As an example
Shen et al. [7] reported the co-HTC of plastic with biomass produced a more homo-
geneous hydrochar with higher heating value, lower granulometry, and reduced plastic
agglomerates. Huang et al. [8] also mentioned that at the same time the synergetic effect
of co-HTC removes Cl from PVC it takes out the alkalis from biomass and produces
hydrochars with improved high heating value (HHV).

In this work, dry and wet carbonization (HTC) were proposed as a pretreatment
aiming the production of biochars and hydrochars with increased fuel properties and
reduced chlorine content to be applied directly in the combustions process or submitted
to more efficient thermochemical processes such as gasification.

2 Materials and Methods

2.1 Raw Materials

Three different types of wastes namely RDF, dry sewage sludge (SS), and pinewood
biomass (PB) were submitted to the dry and wet carbonization processes. The samples
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were carbonized alone or in blends with different proportions to assess the synergetic
effect of the mixtures. Initially, the RDF sample was manually cut to obtain a smaller
granulometry (less than 10 mm). The RDF used in this work was produced from munic-
ipal solid wastes treated in a mechanical-biological treatment facility and provided by
Braval S.A. It is composed of a mixture of plastic, paper, textiles, wood, and miscel-
laneous and presents an initial moisture content of 5.9%. The dry sewage sludge was
obtained from a municipal wastewater treatment plant. Before the carbonization tests,
this waste was crushed and sieved to a 2 mm size and had an initial moisture content
of 10%. The pinewood biomass was received in the sawdust form with a moisture con-
tent of 9.4%. Figure 1 shows the aspect of the wastes before being submitted to the
carbonization tests.

Fig. 1. The raw wastes used in the carbonization experiments: a) RDF; b) Dry sewage sludge;
and c) Sawdust pinewood biomass.

2.2 Dry Carbonization Tests

The dry carbonization experiments occurred in a muffle furnace (Nabertherm®
L3/1106). The temperature of carbonization varied between 360 and 420 °C and the
residence time was 30 min for all the experiments. In each run, five porcelain cru-
cibles were filled with the samples and placed inside the muffle furnace. In total, 16
carbonization tests were performed at varying the temperature and the sample mixture
composition. The samples composed of unblended RDF and sewage sludge as well as
the sample composed of a blend of 75% RDF and 25% pinewood biomass were car-
bonized at four different temperatures (360, 380, 400, and 420 °C) to assess the effect of
increase carbonization severity on the characteristics of the biochar. To assess the effect
of the sample’s composition on the characteristics of the biochar, four different blends
composed of 75% RDF and 25% SS, 50% RDF and 50% SS, 56.3% RDF, 18.8% PB,
and 25% SS and 37.5% RDF, 12.5% PB, and 50% SS were carbonized at 400 °C for 30
min.

2.3 Hydrothermal Carbonization Tests

The HTC experiments were carried out using a 1L stirred batch reactor (Parr Pressure
Reactor) coupled with an electric heater and controller (Parr 4848 Reactor controller),
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under autogenous pressure. For each test, the reactor was loaded with the solid sample
and distilled water in a mass ratio of 1:4. The temperatures of 250 and 300 °C were
chosen in a residence time of 30 min. The samples composed of unblended RDF, SS,
and the blend of 75%RDF and 25% PBwere submitted to HTC at both temperatures. To
assess the effect of sample composition, the same four different blends used in DC tests
were submitted to HTC at 300 °C for 30 min. In total, 10 HTC experiments were carried
out. After each test, the solid phase (hydrochar) was separated by the liquid fraction by
filtration and dried overnight at 105 °C. The liquid phase was stored at 4 °C for further
analysis. The hydrochars were then exposed to air for 5 days to equilibrate the moisture
content.

2.4 Characterization of Raw Wastes, Biochars, and Hydrochars

The raw wastes, biochars, and hydrochars were characterized according to proximate
and ultimate composition, mass and energy yield, low calorific value, and chlorine con-
tent. Moisture, volatile matter, and ash contents were determined according to CEN/TS
15414–3:2010, EN 15402:2011, and EN 15403:2011, respectively, while Fixed carbon
content was obtained by difference, on a dry basis. Ultimate analysis (carbon, hydrogen,
nitrogen, and sulfur) was performed using an elemental analyzer (Thermo Finnigan –
CE Instruments Model Flash EA 112 CHNS series). Oxygen content was calculated by
difference on a dry ash-free basis. Low heating values (LHV) of the raw wastes and the
char samples were determined by estimation according to Hosokai 2016[9], expressed
in Eq. (1).

LHV (kJ/g) = 38.2mC + 84.9(mH − mO/8) − �Hl (1)

where mC, mH, and mO are the contents of carbon, hydrogen, and oxygen, respectively;
ΔHl described latent heat.

The mass and energy yields of the produced chars (on a dry basis) were calculated
based on Eqs. (2) and (3), respectively:

Mass yield(%) = mchar

mraw
× 100 (2)

Energy Yield(%) = Mass yield × LHVchar

LHVraw
(3)

where mchar and LHVchar are the mass (kg) and low heating value of the chars (MJ/kg);
mrawandLHVraware themass and lowheatingvalue of the rawwastes.Chlorine content
was determined through X-Ray fluorescence (Niton XL 3T Gold + +). Dechlorination
efficiency (DE) was calculated according to Zhang et al.[10] and expressed in Eqs. (4):

DE(%) = (1− Cl content in char × nyield

Cl content inraw
) × 100 (4)

where n yield is the mass yield of the chars.
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3 Results and Discussion

Themoisture content of the rawwastes and the chars produced at different carbonization
conditions were determined after the samples were air-exposed to equilibrate with atmo-
spheric humidity. The SS had the higher initial moisture content among the raw wastes
with values being around 10%, followed by PB and RDF samples with 9.5 and 5.9%,
respectively. Increasing carbonization temperature led to an increase in the hydropho-
bicity of the chars and, consequently, the moisture reduction in all the samples compared
with the rawwastes. The volatilematter decreasedwith carbonization severity conditions
except for the unblended RDF chars samples produced by dry carbonization as shown
in Table 1. Also, the volatile matter was higher for hydrochars when compared with the
biochar produced for the same waste composition. The higher values were found for the
RDF hydrochars (77–79%).

Regarding the ash content, as expected, the increasing carbonization temperatures
are directly related to the increase of ash on the produced chars. For RDF-containing
samples, the biochars had a higher ash concentration when compared to the hydrochars
while the opposite trendwas observed for the SS samples. For those, the highest ash value
was 52% at the higher HTC temperature test. Even though the fixed carbon increment
was observed after both carbonization processes, it was more evident in the biochars
than in hydrochars. For SS hydrochars the values of fixed carbon were even lower on the
hydrochars when compared with the raw waste. The highest fixed carbon concentration
was found in the 75% RDF + 25% biomass biochars samples reaching values of 21.9
to 26.7%.

Ultimate analysis showed that carbon content increased in the chars after the car-
bonization processes. It was more pronounced in dry carbonization with higher temper-
ature for RDF samples (420 °C) and at 400 °C for the RDF with the incorporation of
biomass. This value had insignificant changes on chars produced by SS samples. The
hydrogen content also increased while oxygen has decreased with more carbonization
severity, probably due to the dehydration and decarboxylation processes at this range of
temperature [11].

Chlorine content in the biochars produced at lower temperatures (360°) was higher
than the raw waste in the RDF-containing samples. Increasing carbonization tempera-
tures led to a decrease in the chlorine on the biochars produced being around 1.5 and
1.1% on the RDF and RDF with biomass incorporation samples at 420 °C. For SS
samples, the carbonization does not seem to affect the chlorine content on the biochar.
However, the highest reduction in chlorine content was observed for the HTC experi-
ments. For the RDF sample, the HTC at 300 °C seems to be effective in the chlorine
reduction reaching the lowest value for all the tests (0.75%). Even though a chlorine
reduction was observed as biomass is incorporated into the RDF sample, the decrease in
this parameter was lower than in the unblended samples. In the HTC experiments, chlo-
rine reduction also was observed for the SS hydrochar sample. In this way, the addition
of small amounts of SS may boost the chlorine reduction in the RDF sample as observed
in Table1.
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Table 1. Sample composition, proximate analysis, ultimate analysis, and chlorine content of the
raw wastes and chars produced by DC and HTC.

Sample T
(°C)

Sample
composition (%)

Proximate analysis
(wt%. db)

Ultimate analysis (wt%.
db)

RDF SS PB M VM FC Ash C H N S Oa Clb

Raw
RDF

– 100 – – 5.9 85.0 5.0 10.4 45.8 5.9 1.0 0.1 36.9 2,68

Raw SS – – 100 10.0 58.6 4.1 37.3 33.1 4.5 3.5 1.3 20.3 0.72

Raw PB – – – 100 9.5 84.9 14.7 0.4 50.4 6.4 0.1 0 43.0 0.14

DC–1 360 100 – – 2.7 61.3 21.7 15.2 58.4 3.8 1.7 0 21.0 3.31

DC–4 380 100 – – 2.0 63.7 20.8 15.6 60.8 5.0 1.5 0.2 17.1 2.59

DC–7 400 100 – – 3.0 65.1 17.7 17.2 59.9 5.3 1.5 0.2 16.0 1.89

DC–14 420 100 – – 1.5 63.5 18.6 17.9 66.6 6.6 1.5 0.1 7.3 1.48

DC–2 360 – 100 – 4.4 51.6 7.7 40.7 34.5 3.8 3.5 1.4 16.0 0.64

DC–5 380 – 100 – 4.0 51.1 7.2 41.7 34.3 4.0 3.6 1.3 15.2 0.61

DC–8 400 – 100 3.0 44.6 8.3 47.1 32.6 2.7 3.4 0 14.4 0.65

DC–15 420 – 100 – 2.8 44.5 7.7 47.8 33.4 3.2 3.5 1.2 10.9 0.70

DC–3 360 75 – 25 2.7 62.7 24.1 13.2 62.3 4.9 1.4 0.1 18.1 3.38

DC–6 380 75 – 25 2.1 62.0 21.9 16.1 61.1 4.5 1.4 0.2 16.8 0.90

DC–9 400 75 – 25 2.8 58.2 24.6 17.2 64.5 5.4 1.3 0 11.6 1.50

DC–16 420 75 – 25 1.6 49.7 26.7 23.6 61.9 5.3 1.2 0.2 7.7 1.12

DC–10 400 75 25 – 2.2 56.2 17.5 26.2 59.2 5.4 2.0 0.2 7.0 2.29

DC–11 400 50 50 – 3.6 53.4 13.7 32.9 50.1 4.6 2.5 0.5 9.3 1.47

DC–12 400 56.3 25 18.7 4.1 53.7 23.2 23.2 59.1 5.0 1.8 0.3 10.6 1.05

DC–13 400 37.5 50 12.5 3.8 53.5 14.0 32.5 57.7 4.8 2.3 0.3 2.4 1.14

HTC–1 250 100 – – 3.6 79.0 8.2 12.9 51.1 4.9 1.7 0.1 29.4 1.11

HTC–4 300 100 – – 2.6 77.3 8.3 14.5 34.6 3.8 2.2 1.4 9.2 0.75

HTC–2 250 – 100 – 5.6 47.6 3.6 48.9 60.1 5.6 1.8 0.2 22.7 0.44

HTC–5 300 – 100 – 2.7 44.7 3.3 52.0 57.6 5.1 2.2 0.0 20.6 0.33

HTC–3 250 75 – 25 7.0 71.3 19.0 9.7 33.3 3.4 1.7 0.0 9.6 1.15

HTC–6 300 75 – 25 3.1 73.6 15.9 10.5 61.6 5.0 1.8 0.0 21.0 1.39

HTC–7 300 75 25 – 1.9 70.0 7.1 22.9 46.0 4.1 2.3 0.0 24.7 0.45

HTC–8 300 50 50 – 2.5 67.0 1.0 32.1 39.0 3.7 1.9 0.0 23.4 0.42

HTC–9 300 56.3 25 18.7 3.0 66.3 12.9 20.9 51.5 4.5 2.0 0.2 20.9 0.37

HTC–10 300 37.5 50 12.5 2.5 59.5 9.5 31.0 44.4 4.3 2.0 0.4 17.9 0.34

a – By difference;
b – wt%, db.
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As expected, the mass yield of the chars decreased with the increase in the car-
bonization temperature (Table 2). However, in all carbonization tests, the mass yield
was higher than 50% except for the DC of RDF with incorporated biomass at 420 °C
(37.7%). It may occur due to the high degradation of biomass constituents at this range
of temperature [12]. Carbonization also led to an increase in fuel ratio and a decrease in
the H/C and O/C ratio that may be reflected in the LHV of the chars. Increased LHVwas
observed for the biochars produced at a higher temperature (420 °C) for the RDF sam-
ples (29.7MJ/kg) and a slightly milder temperature (400 °C) for the RDF with biomass
incorporated sample (27.3MJ/kg) (Fig. 2a). The incorporation of biomass and SS to the
RDF samples also showed high values of LHV (around 25MJ/kg) (Fig. 3a) and may
appear as an attractive way to increase the calorific value at the same time that reduces
the chlorine content of the biochars.

Energy yield reached a maximum value for the biochar produced from unblended
RDFat 420 °C (88%).On the other hand, increasing carbonization temperature had a neg-
ative effect on the energy yield of the biochars produced from the RDF and biomass mix-
ture. In these samples, the highest energy yield was observed at the lower carbonization
temperature (81.5%).

Regarding dechlorination efficiency, the highest temperature of dry carbonization
seemed to be more effective in the RDF-containing samples (70.4 and 79.3%). In this
case, the addition of biomass has shown a synergetic effect on the dechlorination process
(Fig. 2b). Moreover, the HTC was demonstrated to be more efficient to reduce chlorine
content on the chars than dry carbonization[10]. At 300 °C the DE of the RDF sample
was 84.7%. However, the highest values of DE were observed in the samples composed
of RDF with SS incorporation and the samples composed of a mixture of RDF, SS, and
biomass. Compared to the DC, the HTC of the mixture samples seemed to have a high
synergetic effect to increase the dechlorination efficiency (Fig. 3b).

Fig. 2. (a) Low heating value and (b) dechlorination efficiency of the chars produced by DC and
HTC of RDF, SS, and the mixture of RDF and biomass.
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Table 2. Mass yield, fuel characteristics, and dechlorination efficiency after DC and HTC
processes.

Sample Mass yield (%) Fuel ratio Atomic
ratio

LHV (MJ/kg) Energy yield
(%)

D.E. (%)

FC/VM H/C O/C

Raw RDF – 0.06 1.53 0.60 17.9 – –

Raw SS – 0.07 1.63 0.46 13.7 – –

Raw PB – 0.17 1.53 0.64 18.4 – –

DC–1 66.0 0.35 0.78 0.27 22.6 83.3 18.5

DC–4 58.3 0.33 0.98 0.21 25.0 81.4 43.6

DC–7 56.7 0.27 1.07 0.20 25.1 79.5 60.1

DC–14 53.4 0.29 1.19 0.08 29.7 88.6 70.4

DC–2 78.3 0.15 1.34 0.35 14.1 80.6 30.2

DC–5 76.1 0.14 1.39 0.33 14.2 78.9 34.9

DC–8 70.6 0.19 0.98 0.33 12.6 64.9 35.6

DC–15 67.2 0.17 1.14 0.24 13.7 67.2 34.5

DC–3 57.9 0.39 0.94 0.22 25.4 81.6 4.3

DC–6 55.9 0.35 0.89 0.21 24.8 76.9 75.3

DC–9 50.2 0.42 1.00 0.14 27.3 76.0 63.1

DC–16 37.7 0.54 1.03 0.09 26.7 55.8 79.3

DC–10 58.5 0.31 1.10 0.09 25.9 89.6 39.0

DC–11 53.9 0.26 1.11 0.14 21.5 73.3 53.2

DC–12 53.1 0.43 1.02 0.13 25.1 78.6 67.6

DC–13 57.6 0.26 1.00 0.03 25.3 91.9 52.3

HTC–1 59.5 0.10 1.14 0.43 19.9 66.1 75.4

HTC–4 55.0 0.11 1.06 0.27 23.5 72.2 84.7

HTC–2 60.7 0.07 1.32 0.20 14.8 65.6 63.1

HTC–5 55.1 0.07 1.21 0.22 13.9 55.9 74.8

HTC–3 55.7 0.27 1.11 0.28 24.7 76.3 68.7

HTC–6 52.9 0.22 0.98 0.26 25.0 73.4 64.2

HTC–7 55.9 0.10 1.08 0.40 17.8 59.1 88.4

HTC–8 57.7 0.01 1.12 0.45 14.9 54.4 85.6

HTC–9 52.7 0.19 1.04 0.30 20.6 64.0 88.6

HTC–10 54.2 0.16 1.16 0.30 18.1 61.8 86.7
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Fig. 3. (a) Low heating value and (b) dechlorination efficiency after DC at 400 °C and HTC at
300 °C experiments of different sample composition.

4 Conclusion

Dry carbonization and hydrothermal carbonization of RDF, SS, and PB and their mix-
tures in different proportions seem to be an effective pretreatment to produce chars with
improved calorific value and diminished chlorine content. Nevertheless, high tempera-
tures of carbonization are required in the samples composed of unblended RDF when
compared with the sample with biomass incorporation. Dry carbonization had more
effect in the improvement of LHV of the chars while HTC was more effective regard-
ing the dechlorination process. Taking into the account the calorific value increment
and the chlorine content below 1% required to be used as a fuel, the HTC at 300 °C
of unblended RDF and the mixture of 56.3% RDF, 18.7% PB, and 25% SS appear as
interesting conditions to produce chars with increased LHV and low chlorine content to
be applied as a fuel. Even though dry carbonization has produced biochars with good
fuel properties, the incorporation of biomass must be further studied to find the best ratio
to reduce chlorine to acceptable levels.
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Abstract. This article presents a method of evaluating the thermal environmental
conditions of a tree, represented by a maritime pine, taking into account the sur-
rounding external environmental conditions. Particularly, the levels of moisture
content existing in the different elements of the tree (trunks, branches and leaves)
are evaluated according to the conditions of air temperature and air relative humid-
ity verified around them. The study was performed numerically and the results
obtained were compared with the results obtained through experimental work in
progress. The maritime pine geometry was obtained through a Computer Aided
Design system software. The virtual maritime pine geometry was obtained from
2289 cylindrical elements. This maritime pine consists of 14 trunks, 25 branches
and 2250 leaves. Numerical simulation was carried out by a proprietary research
software called Hygrothermal Tree Modelling. The water circulation and energy
transmission processes were considered in the numerical model. The experimental
work consisted of measuring the moisture content of maritime pine leaves with a
moisture analyzer. The results obtained show that the numerically predicted mois-
ture content of the leaves is very similar to that obtained experimentally, with a
relative error of 1.65%.

Keywords: Maritime pine design ·Mass and energy transmission ·Moisture
content · Numerical simulation

1 Introduction

In order to assess the thermal response and water circulation in a tree, it is important to
know the respective processes ofmass and heat transmission. In these processes thewater
distribution, the diffusion, the transpiration and temperature phenomena are assessed.

Considering the phenomena associated to mass transmission verified in trees, the
studies developed by Janott et al. [1],Wang et al. [2], Simon et al. [3], and Green et al. [4]
present relevant models for their understanding and simulation. They can be summarized
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as follows: concept of water flow in soil-plant systems [1]; a model of tree structure and
functioning to include biomass production, organ sharing andwater availability solutions
to simulate plant and environment interaction [2]; a model to evaluate leaf temperatures
and transpiration rates of trees [3]; and a soil water balance numerical model [4].

In order to predict the fire behavior and also use in fire spread models, vegetation
moisture and dry matter content can be used as relevant indicators [5]. Adab et al. [5]
study a set of these moisture content indices and conclude that their scaling up could
be useful to apply as a previous forest fire alert system. Evaluating forest fire risk is
a challenge task due to several uncertainties such as fuel flammability and ignition
potential [6]. The application of moisture content indices, their implications, challenges
and details of use in this type of forecast can be analyzed in the works of Rao et al. [6],
Lifang et al. [7] and Nolan et al. [8].

The model of water transfer, used in the study presented in this paper, includes
the distribution, diffusion and transpiration processes. This model was developed from
models of blood and water flow processes in the human body [9, 10].

The mesh generation is important to assess the temperature distribution and to char-
acterize the thermal phenomena (by conduction, evaporation, radiation and convection)
occurred in the tree. The mesh generation theory implemented in the presented study is
based on the mesh generation theory used to obtain the geometry of a vehicle, building
or human body, used to calculate the radiative exchanges [11, 12].

The thermal response model of the maritime pine used in this work is based on
thermal and radiative numerical models applied to other type of geometries, such as
buildings [13] and vehicles [14].

The purpose of this work is to validate the sub-model of the Hygrothermal Tree
Modelling numericalmodel used to calculate themoisture content in the several elements
(mostly in the leaves) of a tree. In this sense, experimental results of the moisture content
of maritime pine leaves were obtained, which will be used in the comparison with the
results obtained numerically, assuming similar environmental conditions.

2 Numerical Model

The numerical model is based on a system of equations of mass and energy transmis-
sion. In the definition of the energy transmission equations are considered the conduction,
convection, radiation and transpiration phenomena. In the definition of the mass trans-
mission equations are considered the water mass evaluation, the water distribution, and
the processes of diffusion and transpiration.

The maritime pine three-dimensional (3D) geometry model is constituted by cylin-
drical elements used to define the trunks, branches and leaves. The dimensions of each
cylindrical element are given by its length and diameter, which is made up of several
layers. This 3D geometry model will be an input of the tree thermal response numerical
model.

The tree thermal response numerical model is based on the human thermal response
numerical model [15], dismissing the thermoregulatory system and creating new
pathways for water circulation.

The tree thermal response numerical model considers a set of balance integral
equations of:
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• Energy for the maritime pine body tissues;
• Mass for the water in the maritime pine.

The solution of the above system of equations is found using the Runge-Kutta-
Fehlberg algorithm with error control.

The tree thermal response numerical model assumes the following phenomena:

• Heat conduction verified between the several layers of each tree element;
• Heat convection verified between the external surface of the bodies and the
surrounding air environment;

• Heat evaporation, considering simultaneously themass and heat transfer and thewater
phase change, verified between the external surface of the bodies and the surrounding
air environment.

The following phenomena are considered in the mass transmission:

• Water distribution: the water is transported from the trunk to the branches and leaves;
• Water diffusion: water is transported within the trunk from the internal tissues to the
external tissues; in this calculation, the cylindrical elements that form the trunk are
divided into several layers (one inner, one outer, and a set of central layers located
between them);

• Water transpiration: water is evaporated by convection from the outer layer to the
environment, considering evaporative phenomena.

3 Methodology

The virtual maritime pine model (Fig. 1) has a height of 1.8 m and consists of 2289
cylindrical elements spread over two levels. Each level has 7 trunks and 12 branches.
At the top of the tree there is also a branch. Finally, each branch has 90 leaves. Figure 1
shows the meshing of the tree from a side view. Figure 2 shows the meshing of the tree
from a top perspective. Figure 3 shows the meshing of a branch with its leaves.

The numerical simulation has the following input data:

• Average temperature of the air surrounding the tree: 20 °C;
• Average relative humidity of the air surrounding the tree: 47%;
• Average wind speed: 5 m/s.

The numerical simulation has the following output data: average surface temperature
in each element of the tree; average moisture content in each element of the tree. These
values are obtained for a steady-state regime.
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Fig. 1. Geometry of the virtual maritime pine: side view.

The experimental work requires the periodic collection of a sample of maritime pine
leaves. This sample is transported to the laboratory in a closed environment. Moisture
content measurement is performed using a Kern moisture analyzer. During this process,
the temperature of the air and the relative humidity of the air where the collection took
place are also measured.
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Fig. 2. Geometry of the virtual maritime pine: top view.

Fig. 3. Geometry of the virtual maritime pine: branch with its leaves.
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4 Results and Discussion

The experimental data obtained are shown in Table 1. Fivemeasurements of themoisture
content of maritime pine leaves were considered in which the environmental conditions,
given by the air temperature and air relative humidity, are similar to those used in the
numerical simulation.

Table 1. Experimental data obtained for five measurements of the moisture content of maritime
pine leaves.

Measurement Moisture content (%) Air temperature (°C) Air relative humidity (%)

1 53.40 19.30 47.00

2 52.06 19.30 53.00

3 53.59 20.00 40.00

4 54.30 20.90 55.00

5 54.51 20.60 41.00

Average 53.57 20.02 47.20

The numerical data obtained are shown in Table 2. This table shows the moisture
content obtained in the different elements of the tree according to their distribution by
levels.

Table 2. Numerical data obtained for the moisture content of the different elements of the
maritime pine. L means level.

Element Moisture content (%) Air temperature (°C) Air relative humidity (%)

Trunks L1 53.29 20 47

Trunks L2 53.29

Branches L1 53.70

Branches L2 53.75

Branch Top 53.75

Leaves 54.46

The results obtained show a good agreement between the results obtained experi-
mentally and numerically. It is verified that the relative error obtained in the calculation
of the moisture content of the leaves was 1.67% and in the calculation of the moisture
content (average value) of the trunks/branches was -0.17%. Therefore, it can be con-
cluded that the numerical model implemented in the calculation of the moisture content
in a tree is validated.
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5 Conclusions

This article presented a numerical model used to evaluate the moisture content existing
in the several elements (trunks, branches and leaves) of a maritime pine, considering
the surrounding external environmental conditions given by air temperature and air
relative humidity. The results obtained numerically were compared with experimental
measurements carried out under similar environmental conditions.

The main conclusion obtained is that the numerical model proposed for the cal-
culation of moisture content in the tree allows obtaining numerical results similar to
those obtained experimentally. Comparing these results, relative errors of−0.17% were
verified for those obtained in the trunks/branches and 1.67% for those obtained in the
leaves.

The model presented here is part of a broader model that has been developed over
the last few years, whose main objective is to be able to determine, based on external
environmental conditions, the extent of damage to a tree and its probability of survival
in the face of a forest fire. Therefore, it will be possible to define protection strategies
that increase their resistance to forest fires.
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Abstract. This article presents a numerical study on the design, thermal response
and comfort level of an auditorium with a complex topology, taking into account
the winter season. The design and thermal response of the auditorium are studied
numerically using proprietary research software, called, respectively, Geomet-
ric Design Modeling and Buildings Thermal Response Modeling (BTRM). In
addition to the thermal response in transient conditions, the BTRM software also
assesses the building’s interior environmental conditions, particularly the levels of
air quality and thermal comfort provided to the occupants. The indoor air quality
(IAQ) is determined by the concentration of carbon dioxide (CO2). The thermal
comfort is determined by the Predicted Mean Vote (PMV) index. In this study, it
is considered that the auditorium, similar to a real one, has a typical occupancy
cycle of a classroom and its maximum capacity of 168 occupants. Connected to
the auditorium is a corridor with south-facing windows, so the possibility of this
corridor being used as a passive solar greenhouse is also discussed. The results
demonstrate that it is possible to guarantee acceptable levels of IAQ as established
by the ASHRAE 62.1 standard for the concentration of CO2, but without being
able to reach acceptable values of the PMV index as proposed in the ISO 7730
standard.

Keywords: Geometric and thermal modeling · Indoor air quality · Thermal
comfort

1 Introduction

The design and the thermal response of a real auditorium are the main focus of this
numerical study. Therefore, it is important to be able to virtually generate the geometry
of this auditorium so that its thermal behavior can be analyzed. The auditorium’s thermal
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responsewillmake it possible to analyze its thermal comfort conditions. Thermal comfort
conditions also dependon the ventilation implemented, aswell as indoor air quality (IAQ)
conditions.

The design is developed by a numerical model to generate the three-dimensional
geometry of the auditorium. Geometric surfaces based on four lines and four points are
used to generate this geometry. The calculus of the mesh in the surfaces used geometric
equations in cylindrical coordinates characterized by angle, radius and z coordinates.
This type ofmethodologywas previously used, e.g., in buildings [1], and in the definition
of the geometry of the human body (occupant simulation) [2]. This mesh is used to
evaluate incident, transmitted and absorbed solar radiation in interior and exterior spaces,
aswell as heat transfer by radiation in each space [3]. Themeshes on the building surfaces
are also used to generate the system of integral equations of energy and mass balance.

The thermal study of occupied buildings uses the Building Thermal Modeling soft-
ware to calculate the temperature and mass distributions in the different spaces and
elements of the building, among other parameters [4, 5]. The thermal response of the
auditorium uses a numerical model based on energy and mass balance integral equations
[6]. The energy balance equations take into account the phenomena of conduction, con-
vection, radiation and evaporation. The mass balance equations consider the phenomena
of diffusion, convection and adsorption/desorption. The research software developed
by the authors also included sub-models to calculate solar radiation, radiative proper-
ties of glass, energy and mass convection coefficients, airflow rate, among others. The
solution of the above mentioned system of equations is obtained through the Runge-
Kutta-Fehlberg method with error control. The numerical model was validated, either
in a steady-state or in a transient regime, in buildings, experimental chambers and other
spaces.

The thermal comfort is evaluated in this study by the Predicted Mean Vote (PMV)
index. This index (and also Predicted Percentage of Dissatisfied index) was developed
by Fanger [7]. PMV index depends on four indoor environmental parameters and two
personal parameters [7]. The indoor environmental parameters are the air temperature,
air velocity, relative humidity of the air and mean radiant temperature of the surround-
ing surfaces (floor, ceiling and walls). The personal parameters are the activity level
and insulation clothing level. This is an index commonly used in studies involving the
assessment of thermal comfort in buildings [8, 9], having been adopted by international
standards such as ISO 7730 [10] to categorize thermal comfort. ISO 7730 establishes
three categories of thermal comfort, A, B and C, depending on the PMV index values
obtained [10]. For example, the least restricted is category C, being defined by −0.7 ≤
PMV ≤ + 0.7.

IAQ usually can be evaluated by the concentration of dioxide carbon (CO2) released
during the occupant’s breathing process [11–13]. The international standard ASHRAE
62.1 [14] establishes the acceptable limit of IAQ in function of the CO2 concentration
and the airflow rate of the ventilation system recommend according to the number of
occupants and the activities performed by them in the different compartments of the
building. The acceptable limit value recommended by this standard is 1800 mg/m3

(1000 ppm) [14].
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The main objective of this work is to evaluate the thermal comfort, in winter condi-
tions, and the IAQ in a real auditorium existing in a university building using research
software developed by the authors that simulates the geometry and the thermal response
of that auditorium. In addition, the possibility of using a corridor attached to the audi-
torium as a passive solar greenhouse is studied. This corridor has a large glazed surface
facing south, which gives it promising conditions to be used as a solar greenhouse dur-
ing the winter season in the northern hemisphere, which could be a possible solution to
improve thermal comfort conditions [15, 16].

The rest of the content of this paper is organized as follows: Sect. 2 gives a brief
description of the numerical models used in the simulation; Sect. 3 presents the geometry
of the building as well as the methodology implemented in the numerical simulation;
in Sect. 4 the results are shown and discussed regarding the solar radiation obtained in
the corridor and the air temperature, PMV index and CO2 concentration obtained in the
auditorium; finally, Sect. 5 presents the most relevant conclusions.

2 Numerical Model

This study uses research software developed by the authors based on two numerical
models: Auditorium Geometry Design and Auditorium Thermal Modeling.

The Auditorium Geometry Design is used in the auditorium design and mesh
generation. This model takes into account the following:

• Geometric equations in cylindrical coordinates (defined by the angle, radius and z
coordinates) are used to develop the geometry of the auditorium and its attached
corridor;

• The geometry is used to establish the mesh generation and the system of energy and
mass balance integral equations;

• The mesh generation is used to calculate the view factors and the mean radiant
temperature;

• The energy and mass balance integral equations are developed for each surface and
space; opaque surfaces consist of several layers and transparent and inner ones consist
of one layer.

The Auditorium Thermal Modeling uses the previously developed energy and
mass balance integral equations to calculate the temperature, contaminants (CO2
concentration) and water vapor distribution, the thermal comfort and IAQ levels:

• The temperature distribution is calculated in the several layers of the opaque bodies,
in the layer of the transparent and inner bodies, and in the air inside the compartment;

• The thermal comfort of the occupants is assessed by the PMV index, so it depends
on the air temperature, the air relative humidity and the air velocity inside the com-
partment, the mean radiant temperature, as well as the activity and clothing insulation
levels of the occupants [7, 10];

• The IAQ depends on CO2 concentration [14].
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3 Numerical Methodology

The virtual auditorium (Fig. 1) used in the numerical simulations consists of 759 opaque
bodies and 25 transparent bodies (Fig. 2). Each surface is subdivided into at least 100
infinitesimal areas when meshing.

Fig. 1. Virtual auditorium used in the numerical simulation. It consists of the auditorium space
for the participants and an attached corridor with a glazed surface facing south (in blue).

The auditorium built from 25 angles and 9 steps (levels) is divided as follows:

• The auditorium for participants with a maximum capacity of 168 people. This space
is subject to the heat transfer from the occupants and the airflow renewal from the
outside environment;

• The attached corridor with a glazed surface consisting of 25 windows facing south
and with infiltrations of airflow from the outside environment;

• A connection between the auditorium and the corridor made by two doors (Fig. 1).

Numerical simulations were carried out considering winter conditions in the region
of the building, whose climate is characterized by being of the Mediterranean type. Six
consecutive days were simulated although only the results referring to the last day of
the simulation are presented. It was considered that the auditorium was occupied by
168 people (maximum occupancy limit) in order to assess the most demanding situation
from the point of view of the ventilation system.

For the purposes of the simulation, it was considered that each occupant has an
average weight of 70 kg, an average height of 1.7 m, an activity level of 1.2 met and a
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Fig. 2. Auditorium made up of 759 opaque surfaces and 25 transparent surfaces (in blue).

clothing insulation level of 1.0 clo (typical value in the winter season) [6, 10]. The occu-
pation cycle was considered according to the typical timetable of classes in a university
auditorium, that is, between 8 am and 12 pm and between 2 pm and 6 pm.

Throughout the day, the ventilation is done as follows: outside air is introduced
into the auditorium with a certain airflow rate and then exhausted to the outside. The
airflow rate value is a percentage of the airflow rate value recommended by the standards
[14] for the people in the occupied space (168 in this study). When the auditorium is
with occupation, the percentage is 75%; the rest of the time, the percentage drops to
25%. After several simulations, these values were chosen as the ones that ensure the
best compromise between PMV index and CO2 concentration values throughout the
occupancy cycle.

The obtained results considered for analysis are the daily evolutions of solar radiation
incident on the windows of the corridor, of the CO2 concentration inside the auditorium,
of the air temperature inside the auditorium and corridor, and of the PMV index.

4 Results and Discussion

In this work, the thermal response, in winter conditions, of a virtual auditorium similar
to a real one is analyzed. The thermal response of the corridor (see Fig. 1) attached to
the auditorium is also introduced in this analysis in order to assess the possibility that
this corridor could later be used as a solar passive greenhouse. Note that the glazed
surface of this corridor faces south, which provides positive heat gains in the winter
season. So, Fig. 3 shows the daily evolution of solar radiation incident on the glazed
surface (consisting of 25 windows) of the corridor. In order to assess the IAQ, it is shown
in Fig. 4 the daily evolution of the CO2 concentration in the auditorium. The thermal
response of the auditorium and the attached corridor is shown here in Fig. 6 by the
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daily evolution of the air temperature obtained in these spaces. Figure 5 also shows the
evolution of the outside ambient air temperature in order to serve as a reference. In order
to assess the thermal comfort of the occupants, it is shown in Fig. 6 the daily evolution
of the PMV index in the auditorium.
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Fig. 3. Daily evolution of solar radiation incident on each of the windows of the corridor.

The incident solar radiation is similar in all windows, which have the same dimen-
sions and the same type of glass. However, the evolution of solar radiation presents
some delay between them due to the slight inclination of each window in relation to the
south-facing plane.

During occupancy, the CO2 concentration values are below the limit value of
1800 mg/m3 recommended by the standard [14], so the IAQ provided to the occu-
pants presents an acceptable level. Furthermore, it is also confirmed that the airflow rate
is also properly adjusted to the number of occupants as far as the IAQ is concerned.

During occupancy, the auditorium is under the influence of the external airflow and
the heat transfer from the occupants. The indoor air temperature in the auditorium is
slightly higher than the outdoor air temperature and much lower than the air temperature
in the corridor. The air temperature inside the auditorium during the afternoon occupancy
is higher than during the morning occupancy, with some heat accumulation, but not
enough for the air temperature to reach at least 20ºC. On the other hand, the relatively
high temperatures reached in the corridor during the auditorium occupancy allow us
to assert that the heat accumulated in this space can be used to improve the thermal
conditions inside the auditorium if properly transferred.

During occupancy, the thermal comfort level of the occupants is not acceptable
by negative values of the PMV index [10]. The PMV values are far from the values
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Fig. 4. Daily evolution of CO2 concentration inside the auditorium.
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Fig. 5. Daily evolution of air temperature inside the auditorium and corridor as well as outside
air temperature.

corresponding to category C of the standard [10], however they increase throughout
the day, especially during occupation. This shows that the airflow rate of the ventilation
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Fig. 6. Daily evolution of PMV index inside the auditorium. The shaded zone defines the thermal
comfort zone by negative values of the PMV index according to Category C [10].

system is too high and should therefore be reduced, a solution that will lead to a decrease
in the IAQ.

As the results show, an increase in the airflow rate decreases the concentration ofCO2,
contributing to the improvement of the IAQ, and decreases the values of the PMV index,
thus worsening the thermal comfort level of the occupants. Therefore, as an alternative
solution, the corridor attached to the auditorium can be used as a solar passive greenhouse
to further the increase in the air temperature inside the auditorium, without jeopardizing
the concentration of CO2 inside the auditorium, as the corridor essentially serves for the
movement of people during the break between classes.

5 Conclusions

The design, thermal response and comfort evaluation of an auditorium with complex
topology was presented in this article. An own research software, Auditorium Thermal
Modeling, was used to numerically evaluate the amount of solar radiation incident on the
south-facing glazed surface of the corridor attached to the auditorium, the air temperature
inside the corridor and auditorium, the thermal comfort (using PMV index) and the IAQ
(using CO2 concentration).

The results obtained show that it can be concluded that the implemented ventilation
system provides an acceptable level of IAQ, but cannot guarantee an acceptable level of
thermal comfort for the occupants. The CO2 concentration is within the acceptable limit
of 1800 mg/m3 [14]. However, during occupancy, the thermal comfort level is quite far
from the C category of the standard [10] due to negative values of the PMV index.
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The results of the air temperature obtained inside the corridor show that this space
has heating conditions conducive to improving the thermal comfort in the auditorium,
which suggest its operation as a solar passive greenhouse. Thus, in the future works
the airflow used in the auditorium during the occupancy will come from the corridor
(operating as a solar greenhouse).
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Abstract. Gracilaria gracilis is a well-known cultivated seaweed, sought after
for its high agar content. For this purpose, it is one of the most cultivated species
worldwide. Depending on the biotic and abiotic conditions to which it is exposed,
the species also exhibits a very interesting nutritional profile, making it an excel-
lent candidate for use as a food or food supplement. Thus, aiming to improve
the productivity and biomass quality, G. gracilis was cultivated under different
light conditions and nutrient media, to evaluate the impact of these parameters
on the growth rate and the chemical composition of the biomass. Thus, the nutri-
tional profile of the biomasswas evaluated. Our results indicate that environmental
parameters have a significant impact both on growth and quality of the biomass,
affecting the amount of protein, ash, and carbohydrate. The cultivation methods,
therefore, significantly affected the quality of the biomass produced. Thus, there is
scope to optimise the cultivation ofG. gracilis, in order to efficiently produce high
quality biomass, enhancing the effective use of resources, particularly nutrients,
while producing nutritionally balanced biomass for human consumption.

Keywords: Rhodophyta · Gracilarioid · Growth rate · Protein content ·
Carbohydrate content

1 Introduction

Seaweeds have long been used as a food source, mainly in the Asian and Indo-Pacific
countries, but also in coastal populations of Europe, Mediterranean, America, and the
Caribbean islands [1]. These marine organisms are consumed for their healthy content
in primary and secondary metabolites, such as a high content in protein (up to 47% in
red seaweeds) with a balanced content in essential amino acids, low content of lipids
(but with a noteworthy proportion of polyunsaturated fatty acids), and high mineral
content. They are also good sources of carbohydrates including sugars, and are rich
in fibres, hydrocolloids, pigments, vitamins, polyphenols, among others [2–10]. These
bioactive compounds show a beneficial effect on human health and well-being, such as
antioxidant, antimicrobial, anti-inflammatory, antithrombotic effects, decrease the risk
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of cardiovascular diseases, strengthen the immune defence system, and improve calcium,
iron, and iodine diet deficiencies, among others [3, 11–17].

Seaweeds consumption has been increasing in recent decades worldwide, particu-
larly in European countries. Nevertheless, European legislation limits the number of
species, allowing the comsumtion of only a few seaweeds, namely the brown seaweeds
Ascophyllum nodosum, Fucus spp., Laminaria spp., Undaria pinnatifida, the red sea-
weeds Chondrus crispus, Gracilaria spp. Porphyra spp. Palmaria palmata, the green
seaweeds Ulva spp., and a few others [18].

Seaweeds aquaculture and harvesting is an extensive global industry.World seaweeds
production has more than tripled from 10.6 million tonnes in 2000 to 32.4 million tonnes
in 2018. Still, the number of cultivated species is small, being limited to Saccharina
japonica, Gracilaria spp., Eucheuma spp., Porphyra spp., Codium spp., Kappaphycus
alvarezii, and Sargassum fusiforme [19, 20]. Many other species are still harvested from
wild populations. Just to name a few, Gelidium corneum and Pterocladiella capillacea
are harvested for the extraction of agar,Mastocarpus stellatus and Chondrus crispus are
harvested for the extraction of carrageenans, and Laminaria hyperborea is harvested for
the extraction of alginates [19, 21, 22].

As seaweeds cultivation increases, knowledge about growth improves, especially
about the importance of environmental factors [4, 23]. Among these, nutrients and light
are key factors that determine the yield and productivity of the algal biomass [24]. As
for pH, fluctuations in its value determine the uptake of carbon by seaweeds, because a
higher pH decreases carbon availability, namely dissolved inorganic carbon [25], which
in turn decreases Rubisco activity and therefore the rate of photosynthesis, due to the
enzyme’s low affinity for CO2 [26].

One of themost cultivated species worldwide isGracilaria gracilis used as industrial
food-grade agar, but also as food, and for medical purposes [3, 27]. In fact, the species
has a remarkably interesting nutritional profile, as stated in previous works, but with
evident seasonal variations, as is common in Gracilariods [4, 28–30]. As to bioactivities,
Torres et al. review paper [31] states more than 400 papers researching Gracilaria spp.
Many properties. Thus Gracilaria spp. is one of the most interesting seaweeds to be
used as food or supplement, to improve health and wellbeing.

In this study we aim to determine the chemical composition of Gracilaria gracilis,
grown under different conditions (light, pH, nutrient source), to evaluate the impact of
these different laboratory growth conditions. The data gathered will allow optimizing
laboratory conditions for G. gracilis to increase productivity and decrease costs, while
improving the quality of the biomass as a food source.

2 Material and Methods

2.1 Sample Preparation

Gracilaria gracilis (Stackhouse) Steentoft, L.M. Irvine & Farnham 1995 (Rhodophyta)
biomass used in this study was grown from spores, shed by fully matured female fronds
harvested in 2019 from Buarcos (40°9′57”N, 8°53′5”W), Portugal, according to Freitas
et al. [28]. Since then, the seaweeds were cultivated from thalli tips, in constantly aerated
filtered seawater (31–35 psu) in 2Lflat-bottomflasks, in a climatic room (20± 1 °C). The
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photoperiod was set at 16:08 (Light:Dark), with irradiance being provided by daylight
cool white fluorescent lamp (OSRAM Lumilux Skywhite). Cultivations were weekly
supplied with full-strength Von Stosch Enriched (VSE) modified culture media, adapted
for red seaweed use [32]. Germanium dioxide (GeO2) was also added to the medium
(1 mL L−1) to prevent the growth of diatoms.

2.2 Culture Methods

For each assay, fifteen healthy tips were randomly selected, weighted and distributed
throughout 250 mL flat-bottom flasks in the climatic room set at 20 ± 1 °C. Different
assays were performed, as summarized in Table 1. The control growth conditions were
set for Assay A, with seawater at pH = 7 supplied with VSE medium and white cool
fluorescent light (20 ± 0.5 µmol photons m−2 s−1, OSRAM Lumilux Skywhite). Two
sets of three flasks were used for the control (n = 6). In assay B the medium used was
Acadian™ Soluble Seaweed Extract Powder (SSEP) culture media. In assay C a pH =
9 was considered and in assay D the light source used was white LED (20 ± 0.5 µmol
photons m−2 s−1, Ywaio T8 LED Tube Light). Three flasks were used per each nutrient
media, pH, and light source (n = 3), all placed under a photoperiod of 16:8 and constant
aeration. All assays lasted for 2 weeks.

Table 1. Summary of Gracilaria gracilis growth assays performed.

Assay Light pH Culture media

A White cool florescent 7 VSE modified medium

B White cool florescent 7 AcadianTM SSEP

C White cool florescent 9 VSE modified medium

D White LED 7 VSE modified medium

2.3 Growth Measurements

Biomass weight was recorded prior to and at the end of each trial in a small-scale
(Sartorius TE124S−120 g× 0.0001 g). Thewater excesswas gently removedwith paper
towels before weighting. Relative Growth Rate (RGR) calculations were performed
according to Patarra et al. [33]:

RGR (% fw day1) = ln(fw) − ln(iw)

t
× 100 (1)

The iw and fw stand, respectively, as initial, and final weights expressed in gram,
and t stands as time in days of the trial duration.
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2.4 Proximate Composition

Moisture and ash contents were determined according to the official AOAC standard
methods [34], as was total protein content determination by the Kjeldahl method, esti-
mated using a conversion factor of 5 specific to red seaweeds [35]. The total carbohydrate
content was determined using an adaptation of the method of Dubois et al. [36]. Lipid
content was determined using the Folch method [37] with modifications.

2.5 Statistical Analysis

All assays were tested through a one-way Analysis of Variance (ANOVA), preceded by
normality and homogeneity of variance validation tomeet the assumptions of parametric
statistical analysis. Whenever homogeneity of variances was achieved, multiple com-
parisons tests were performed, while the non-parametric Kruskal-Wallis test was used
when homogeneity of variances was not fulfilled. All differences were considered sig-
nificant at p-value< 0.05. Data were expressed as mean± standard deviation. Statistical
differences were considered significant at p-value< 0.05. Calculations were performed
with SPSS Statistics 27 (IBM Corporation, New York, EUA).

3 Results and Discussion

3.1 Relative Growth Rate

The different growing conditions tested yielded significantly different relative growth
rates (RGR) between the lights tested. Assays A (control – VSE), B (SSEP), and C (VSE
with pH = 9), significantly produced more biomass than assay D (white LED) which
showed the lowest yield with a RGR of only 2.35 ± 0.67% day−1 (ANOVA, p = 0.000)
(Fig. 1).

Fig. 1. Relative Growth Rate of Gracilaria gracilis grown under different conditions: control
VSE modified medium (VSE), Soluble Seaweed Extract (SSEP), VSE medium with pH = 9 and
with LED white light (LED). Bars represent means (n = 3) and letters above bars pinpoint RGR
statistical differences between growth conditions (p < 0.05).
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It should also be noted that the assay B (SSEP), although not statistically significant
(p > 0.05), presented appreciable growth rate, compared to the assay A (control-VSE),
respectively 8.15 ± 0.48 and 7.15 ± 3.97%. RGR dictates the feasibility of efficiently
producing high biomass yields to maximize profits from their commercialization. Our
results show that, within our trials, the main abiotic factor affecting the growth of G.
gracilis was the type of light in which the algae were grown. Mensi and Ghedifa [38]
noted that and increase in light intensity could cause a reduction in the efficiency of
photosynthesis due to the possibility of photooxidation, occurring when excessive light
causes the destruction of photosystem II, which is sensitive to a wide range of environ-
mental conditions [39]. Thus, photooxidation reactions inside the cell decrease growth,
or under extreme stress condition even induce death.

Although not significantly different, the results obtained with the SSEP were high
(RGR = 8,514% day−1) when compared to control VSE (RGR = 7,152% day−1) and
VSE at pH = 9 (RGR = 6,680% day−1). These RGR values are higher than those
obtainedbyWuet al. [39]whoobtained amaximumRGRof 6%day−1 forGracilariopsis
lemaneiformis (former Gracilaria lemaneiformis), and similar to those recorded for G.
birdiae, by Bezerra & Marinho-Soriano [40] (Maximum RGR 7.45% day−1). The VSE
formula contains several important nutrients such as the macronutrients ammonia and
phosphate, the micronutrients iron and manganese, and the vitamins biotin, thiamine,
and B12 [28]. However, VSE is highly expensive and time-consuming to prepare, and
therefore unsuitable on a commercial scale [41], so, alternatives are mostly desirable.
It is of utmost importance achieving better results with a different commercial medium
such as SSEP, as these results show that it may contain important nutrients that benefitG.
gracilis growth. Similar results were observed by Ali et al. [42] in which Ascophyllum
marine plant extract enriched with potassium (AMPEP K+), applied to Kappaphycus
alvarezii showed higher growth than the strains without the extract. These commercial
seaweed extracts thus, seem to be an interesting alternative to laboratory made nutrient
media.

3.2 Proximate Composition

As to the proximate composition of Gracilaria gracilis, several statistical differences
can be found. In general, the obtained biomass showed high moisture values of the fresh
biomass. The moisture is significantly lower in the LED assay (ANOVA, p = 0.000),
when compared to the other assays (75.41 ± 1.51%) with moisture values higher than
85% (VSE 85.5%, SSEP 86.15 and pH 85.8%). In other words, the LED assay showed
a significantly higher yield than that of the other assays, with 24.59%.

As to ash measured as percentage of dry weigh (% dw), our results also show high
ash content, but without significant variations (p > 0.05). The LED assay presented
the lowest value (28.28 ± 9.005%), the SSEP assay showed the highest ash content
(46.96 ± 2.05%), followed by the pH assay (36.35 ± 1.72%) and the control (VSE)
assay (34.20 ± 2.43%) (Fig. 2a). The protein content (% dw) varied between assays,
ranging from 16.13 ± 0.31% in the control to 19.62 ± 0.11% in the SSEP assay. These
percentages are statistically different (Kruskal-Wallis, p = 0.016). As for the other two
assays, the protein content was intermediate, with a dry weight percentage of about 18%
(Fig. 2b). The total carbohydrates are intermediate to low, but with significant variations
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between assays (Fig. 2c). The lowest value was registered for the control with 12.66
± 0.20%. This value is significantly lower than the percentages obtained for the SSEP
assay (21.44 ± 2.33%) and the LED assay (19.73 ± 3.50%) (ANOVA, p = 0.009, p
= 0.028, respectively). The pH assay showed an intermediate value of 16.52 ± 1.63%,
with no statistically significant differences to the other assays (p > 0.05).

Finally, the total lipid content is always extremely low, as often occurs in seaweeds.
Results fromANOVA test analysis showed that the lipid content of the biomass cultivated
under SSEP assay is significantly lower than all the other samples (ANOVA, p= 0.003),
with values ranging from 0,28 ± 0.03% for SSEP assay to 0.40 ± 0.03% for LED assay
(Fig. 2d).

Fig. 2. (a) ash, (b) protein, (c) carbohydrates, and (d) fat contents of Gracilaria gracilis grown
under different conditions: control VSEmodified medium, (SSEP) Soluble Seaweed Extract Pow-
der, VSE medium with pH = 9, and VSE with LED white light (LED). Bars represent means (n
= 3) and letters above bars pinpoint statistical differences (p < 0.05).

With regard to moisture our results follow the pattern of other seaweeds with high
moisture content [33]. As to the ash content, it is directly associated with the mineral
content in seaweeds, giving a rough estimate of its content in the algae biomass. The
LED assay exhibited the lowest value (28.28 ± 9.005%) and quite similar to the values
obtained by our previous work and by other authors [28, 29, 43], while SSEP assay
possessed the highest ash content with 46.96± 2.05%. These high ash values are usually
recorded for brown seaweeds, which are known to hold the highest mineral content
among seaweeds [1]. These results may arise from the additional mineral content in
SSEP medium, and its ability to hold mixtures of enriched trace metal in a soluble form
[44], which can easily be incorporated into the growing G. gracilis biomass. As to the
protein content, the SSEP and VSE control trials highest and lowest protein content are
comparable to those found by Francavilla et al. [30] forG. gracilis and for red seaweeds
in general. As we have found in our previous work, the protein content of cultivated
biomass is rather highwhen compared to thewild biomass [28],meaning that the nutrient
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culture media provide plentiful nitrogen required for the protein synthesis. Again, the
composition of the SSEP medium seems to show a better fit, not only in growth but also
in changing the biochemical composition of the biomass, which is most desirable from
a nutritional and economic value perspective. The carbohydrate content was lower than
that usually obtained for red seaweeds [1], and lower than in our previous work, when
we achieved values 38% in the cultivated biomass [28]. Completing the analysis with
lipidic content, all trials delivered very low percentages, as expected, since seaweeds
generally have a very low lipid content [1, 3]. The values currently obtained are even
lower than those found by Neto et al. [29].

Therefore, these results demonstrated that the SSEP medium could produce a high
protein and extremely low-fat algae which may contribute for the development of a low
energy and healthy product, worthy of being incorporated into the human diet.

4 Conclusions

Seaweed cultivation is a rewarding growing activity, that aims to provide the market with
sustainable and efficient biomass production. However, optimization of the cultivation
process is still required to ensure not only the highest yields but also the best quality of
the biomass.

The replacement of traditional cold fluorescent white light sources by white LED
sources did not prove to be an interesting alternative, probably due to different absorption
peaks of photon emissions. Further studies with different LED lights, may produce better
results according to the wavelengths of the emitted light. This is somethingworth explor-
ing, as LED sources are currently being regarded as a worthy alternative to traditional
lighting in indoor seaweed cultivation, as it is an economic and efficient technology.
Changing the pH has also not proven to be an efficient method to produce better quality
biomass.

However, progress towards successful Gracilaria gracilis production is presented,
by replacing the common laboratory Von Stosch Enriched modified medium with a
commercial AcadianTM Seaweed Soluble Extract Powder Medium, which has proven
to increase not only seaweeds relative growth rate, but also significantly improve protein,
carbohydrates, and ash content of the cultured biomass. Thus, this commercial medium
appears to be very advantageous from a nutritional and economical perspective, not only
because it is readily prepared, but because its composition significantly improves the
algal biomass.
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Abstract. Sustainability has been gaining interest and prominence in develop-
ment processes, especially tourism development, given the growing political, aca-
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The main sustainability models and instruments have strengthened their role
in the process of design and competitiveness of sustainable tourism destinations,
asserting themselves in articulation with the public policies vehicles for the devel-
opment of low density territories, in economic, socio-cultural and environmental
terms, meeting the current and future needs of residents, economic agents and
tourists.

In the context of operationalizing the Action Plan of the Historical Villages
of Portugal, 2016–2020, the managing entity of the tourist destination (Histor-
ical Villages of Portugal - Tourism Development Association) has assumed the
Sustainable Development Goals 2030, the domains of the Europe Strategy 2020
and the priorities of the Regional Strategy of the Centre, as guiding principles to
increase the competitiveness and social cohesion of the tourist destination.

This work aims to identify and analyse the changes that are occurring in the
destination Historical Villages of Portugal, arising from the effects of applying
public policy guidelines and to know the dynamics and the role of territorial
agents in the process of sustainable tourism development. For this purpose, a
qualitative approach was used through content analysis of the main documents:
Action Programme, AHP Benchmark and Evaluation Report of the Strategy of
the Historic Villages of Portugal.
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1 Introduction

Over the last decades, rural territories have been undergoing different mutations, leading
in some cases to drastic changes in their functions and characteristics. Nowadays many
of these territories face antagonistic development processes, on the one hand, a marked
loss of their predominantly agricultural character and, on the other hand, the emergence
of new dynamics to enhance their non-agricultural dimension, namely the conservation
and protection of natural resources and biodiversity, in the management of space, and
in the preservation of historical and cultural heritage (multifunctionality). In many low
density rural territories tourism has been considered as a promising in the framework of
diversification of economies, regeneration and development and competitiveness of the
territories, supported, increasingly, in sustainability strategies.

This trend reflects the developmentmodel implicit in European and national policies,
a development paradigm based on a bottom-up perspective, based on the valorisation of
heritage and maximisation of endogenous resources for tourism purposes. This implies
the involvement and mobilisation of territorial agents (public and private) and com-
munities living in each territory, despite the fact that they are often demotivated and
disconnected from the development process.

In this context, in recent years new forms of interaction, cooperation and/or network-
ing have emerged within the public development policies in which the different actors
come together to develop shared actions, in a bottom-up perspective, for the construction
of a successful sustainable tourism product in a destination area.

ThePortugueseHistoricalVillagesNetwork emerges as away to enhance the endoge-
nous resources and organize the tourism offer, increasing the competitiveness of the
destination, strengthening the collaboration of territorial agents, both intra and inter-
territorially, stimulating investment, increasing the technical capacity of the agents and
the community, as well as the mobilization of these around a transversal objective as the
sustainable development of the tourist destination.

This article is organized in three parts. It starts by discussing the changes that have
occurred at the level of development models, public policies, configuring new models
of action and governance. Then, the methodological approach adopted to achieve the
objectives set out in this work is described. The third part succinctly presents the origins
and evolution of the pilot project Historical Villages of Portugal and the main changes
in the last community framework, resulting from the application of the main guidelines
of public policies for the sustainable development of destinations in low density rural
territories.

It concludes with some comments about the main changes operated for the
concretization of territorial public policies in the tourist destination under analysis.

2 Literature Review

In recent decades with the social and economic transformations, most rural territories in
Europe, particularly themost vulnerable and peripheral ones, have faced, like thewestern
territories, profound processes of reconfiguration, restructuring and even reinvention
(Figueiredo 2011; Reis and Baltazar 2019).
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The effects of these processes are, naturally, known, to judge by the multiple polit-
ical debates, approaches in the main official documents and development programmes
(European and national) and growing interest of academics in understanding the mul-
tiple transformations of “social, economic, political and cultural nature due to the loss
of relevance of agricultural activities, but the rebirth of these territories as recreated or
reinvented spaces - multifunctional spaces” (Reis and Baltazar 2019, p. 147) is also
recognised. According to the authors, rural territories have gained new functionalities
and appear associated with new economic activities such as tourism, resulting from new
logics of contemporary societies and the growing recognition of the territorial dimen-
sion in public policies at the level of the regeneration of these territories through various
activities based on the use of territorial assets and, in some cases, untapped ones, for
the development of tourism activity (Figueiredo 2018; Reis and Baltazar 2019; Pereiro
2018).

In public policies for the development of less favoured rural territories, both in Por-
tugal and in other countries (Correia and Carvalho 2010; Pereiro 2018; Silva 2009),
tourism has gained particular notoriety as an instrument for the revitalisation of social
and economic structures, promoting the recovery of built heritage and the valorisa-
tion of endogenous resources, mitigating the loss of human capital and stimulating
the dynamization of the local economy. This view is shared by other authors (Kas-
tenholz, et al. 2014; Reis and Baltazar 2019), who highlight the growing interest in
these territories for the development of tourism activity, in which, scale and location are
considered structuring and differentiating elements in the construction of new tourism
offers (tourism products) and in the affirmation of new tourism destinations in territories
traditionally little explored and massified, being the case of tourism networks: Histor-
ical Villages of Portugal, the Schist Villages, the Mountain Villages, among others. In
these projects, the interventions undertaken sought, based on the new model of devel-
opment - endogenous and participatory - to adopt new forms of interaction between the
different territorial agents, including local communities, in which joined efforts in the
dynamization of innovative and sustainable economic activities, based on the existing
potentialities with the operationalisation of the action plans of the different development
programmes (e.g. PROVERE Programme), as well as in the dynamization, management
and competitiveness of some of these tourism networks.

In this context, it becomes evident a growing concern of the different territorial public
and private agents (European, national, regional and local) and academics, to combine
the new uses of the territories in a multifunctional way and in a balanced and sustainable
way, in articulation with the priorities and goals of the Regional Strategy of the Centre,
Europe Strategy 2020 and Sustainable Development Goals 2030.

Despite its relevance and global dimension, tourism as an economic and social phe-
nomenon of reference in the contemporary world has, in recent decades, generated some
controversy around the “idea that tourism can lead to the destruction of tourism itself”
(Brito e Silva 2005, p. 12) due to its universal dimension and characteristics of a sector
whose raw materials, in addition to being finite, are, in some cases, non-renewable. The
uncontrolled growth of tourism activity, the unbridled consumption of resources, the
sharp increase in the number of tourists and tourism consumption, among other factors,
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have led to awareness and the need to rethink tourism development in a balanced, sus-
tainable manner and in harmony with territorial resources, thus preventing tourism itself
from destroying the foundations of its existence (Brito e Silva 2005) and/or becoming a
victim of its own success if it is not guided by principles of sustainability.

This awareness has thus reinforced the importance of sustainability and planning of
tourism activity on the agenda of the main policies and programmes that advocate terri-
torial development, so as not to compromise biodiversity, natural and cultural resources,
and the well-being of local communities (Correia and Carvalho 2010; Reis 2017), in a
medium and long-term perspective.

In this sense, the development of tourism activity should correspond to the principles
of sustainability recommended in the Brundtland Report, also known as “Our Common
Future” of the World Commission on Environment and Development which introduced
a new perspective of integrated development that “meets the needs of current generations
without compromising the satisfaction of the needs of future generations” (WCED1987).
In fact, it was from thismore universal concept of sustainable development, the principles
of the report of theWorld Commission on Environment andDevelopment (WCED1987)
and other contributions that the World Tourism Organization (WTO 1993; Correia and
Carvalho 2010), defined sustainable tourism as a responsible practice, which aims to
meet the present needs of tourist consumers (tourist demand) and the receiving regions
(tourist destinations), reconciling the development of tourism resources (in the design
of tourism supply) with the safeguarding them (for future generations), and increasing
the quality of life of local communities with an equitable distribution of economic and
social benefits of resource potential without compromising the quality of life of residents
and the experience of the visitor himself.

For this reason, tourism development must be done in a way that ensures envi-
ronmental quality and respects the specificities of each territory, as is the case of the
Collective Efficiency Strategies of the Historic Villages of Portugal (EEC AHP), which
enshrines the principles of sustainability for the construction of an inclusive, sustainable
and intelligent destination with the participation of tourism agents and local community.

3 Objectives, Methodology and Techniques

The present work has as central objectives: to contribute to the theoretical and scientific
deepening on public policies, namely on the dialectical relationship they have with the
affirmation of “new models of sustainable development” of tourist destinations in low
density territories; to identify and analyse the changes that are occurring in the tourist
destination Historical Villages of Portugal, arising from the effects of application of
public policy guidelines; and to know the dynamics and role of territorial agents in the
process of sustainable tourism development.

To carry out this work, we used the traditional qualitative research techniques (Quivy
and Champenhoudt 2013), documentary and non-documentary techniques. We sought
to conduct a literature review, grounded in exploratory readings on public policies and
sustainable development, exposing their interconnections, as well as analyzing the main
public policy documents: Action Programme, AHP Benchmark and Evaluation Report
of the Strategy of the Historic Villages of Portugal.
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Another of the techniques used was the use of participant observation. The distin-
guishing feature of this data collection technique, in relation to other techniques, consists
in the insertion and interaction of the researcher in the observation group, which allows
a global and intensive analysis of the object of study (Almeida and Pinto 1990; Itura
2014). As in the other observation methods, the possibility for the researcher to gain, a
priori, an in-depth knowledge of the situation and behaviours at the moment they occur
in themselves, to the effects they produce in their real social, natural or usual context in
which they are observed, stands out.

In this case, participant observation was conducted through conversations and obser-
vation of behaviours during the monitoring of activities developed within the EEC AHP,
the holding of technical meetings and field visits to the tourist destination. This analysis
was reinforced with data obtained from the management entity of the tourist destination,
Aldeias Históricas de Portugal - Association for Tourism Development (AHP-ADT),
which works directly or more specifically, the general theme exposed here.

4 Empirical Study of the Destination Historical Villages of Portugal

4.1 Network of the Historic Villages of Portugal

The idea of creating the Historic Villages of Portugal Initiative arose in an attempt to
intervene in the weakest spaces with structural difficulties, arising from the inability of
development models to halt the cycle of territorial abandonment in the interior of the
country, reflected in demographic decline and the loss of socio-economic relevance of
traditional activities (agriculture and pastoralism), but above all from the adoption of
a new alternative development model - the paradigm of endogenous and participatory
development - in the late 1980s (Boura 2004; Reis 2017; Reis and Baltazar 2019).

Thus, from the 1980s and early 1990s, a new logic of territorialisation of public
development policies was built and affirmed based on assumptions of territorial integra-
tion of local and regional development through the valorisation of territorial contexts
and endogenous resources, supported by new forms of strategy design, organisation and
participation of the multiple actors in the process of territorial development.

This integrated and integrative dimension formed the backdrop for the launch and
consolidation of the most emblematic territorial development initiative in the Centre
Region (Portugal) - the Programme for the Recovery of Historic Villages -, was imple-
mented under the Rural Development Actions of the Programme Promoting Regional
Development Potential (PRDR)ofCommunitySupport Framework II (1994–1999),with
subsequent continuity in Community Framework III (2000–2006), NSRF (2007–2013)
and CSF (2014–2020).

According to Boura (2004), theHistorical Villages of Portugal ended up representing
the “regional and local incidence of a national strategy, which aimed to discriminate
positively some of the spaces landlocked in the Interior of the Centre Region, already
considered when the [first] National Tourism Plan was drawn up (1985–1988)” (Boura:
2004, p.117).

The intervention strategy adopted and implemented privileged, then, “the valoriza-
tion of the patrimonial resources as diversified as the landscape, the places, the built
heritage and the referential of cultures, traditional and activities” (Boura 2004, p. 116)
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of a set of villages with touristic interest (Almeida, Belmonte, Castelo Mendo, Castelo
Novo, CasteloRodrigo, Idanha-a-Velha, Linhares daBeira,Marialva,Monsanto, Piódão,
Sortelha and Trancoso), with a view to retaining the population, attracting tourism and
stimulating incomediversification through the development of complementary economic
activities to the traditional ones, such as the reactivation of traditional arts and crafts in
decline (Boura 2004).

On the other hand, the Network of Historic Villages as a mobilising initiative was
supported by the Ministry of Planning, Tourism and Culture, as well as the IPPAR,
CCRC, local authorities and Inatel.

A mobilisation oriented towards the valorisation of places, cultural and natural her-
itage, traditions and local productive systems as differentiating factors, but also new
forms of organisation of the actors, has constituted the innovative basis of territorial
development strategies (local and regional) since the beginning of the 1990s.

In the first two intervention frameworks of public policies (1994–2006), the strat-
egy privileged a set of investment actions from a material perspective: improvement of
the living conditions of the populations (basic infrastructures), urban rehabilitation and
upgrading and enhancement of heritage, tourism facilities and stimulus to entrepreneur-
ship. In the last two programming periods, between 2007 and 2020, the interventions
were framed within the Collective Efficiency Strategy PROVERE - Programme for the
Economic Enhancement of Endogenous Resources, taking on a sectorial perspective
and centred on the application of support for business activity and attractiveness of the
target territory (settlement and renewal of people) and the initiatives of animation, pro-
motion and dissemination of the natural and cultural heritage with strong incorporation
of knowledge, in a clear immaterial aspect.

4.2 Results

According to theAction Plano f theHistorical Villages of Portugal under the operational-
isation of the EEC PROVERE for the programming period 2016–2020, the managing
entity (AHP-ADT) established as a central objective the affirmation of the Network
of Historical Villages of Portugal as a territory of sustainable and innovative low den-
sity based on the concept of green growth, thus continuing the strategy of the previous
programming period to leverage the tourist destination as one of excellence and with
inimitable resources (AHP-ADT, 2017).

This objective is anchored to the Sustainable Development Goals 2030, in the areas
of the Europe Strategy 2020 - Smart Growth, Sustainable Growth and Inclusive Growth,
in the axes of smart specialisation of the Regional Strategy of Central Portugal 2020 (RIS
3): rural innovation - enhancing and boosting the value chains of endogenous resources,
both in terms of new functionalities (design or digital marketing), and in terms of the
design of new products through new forms of local entrepreneurship, in a perspective of
green growth; territorial innovation – sustainable and smart Historic Villages (physical
rehabilitation, energy efficiency and sustainable mobility); interconnected with the axis
of research, development and innovation of the tourism activity in theAHP (development
of new products, improvement of tourist experiences and reduction of the ecological
footprint in the territory). In addition, there are three transversal axes that reflect a
focus on the mobilization and empowerment of territorial agents (public and private)
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in order to ensure a quality, diversified and differentiated tourism offer; on animation,
communication and territorial promotion; as well as on the evaluation and monitoring
of the activities of the EEC AHP 2020 Action Programme (AHP-ADT, 2017).

In this sense, the approach pursued was based on the operationalization of these
guiding axes to increase the competitiveness and social cohesion of the tourism destina-
tion through innovation (smart growth) and promotion of the efficient use of resources
such as natural and historical heritage, traditional knowledge linked to cultural her-
itage, among others (sustainable growth) and inclusive practices, aimed at improving
the tourism experience, differentiation in the context of low-density tourism destinations
and increasing the awareness of the AHP brand in the national and international context
through a set of anchor-projects (AHP-ADT, 2017).

In this sense, 5 anchor-projects were established that assume a nuclear character
of the strategy (public entities), 58 complementary projects (public entities) and 150
private ones for the operationalisation of the strategy, being only the anchor-projects
the target of PROVERE funding. The financing of the intentions of complementary
and private projects that lead the networking involved the submission of applications to
other community funding programmes. As an example, according to the Action Plan,
triennium 2016–2018, the approved investment for complementary projects was 25.6
million and 40.4 million for the private projects (AHP-ADT, 2017).

According to data provided by AHP-ADT, between 2016 and 2021, the largest share
of investment focused on communication andmarketing actions (2.3 million) to increase
AHP brand awareness and develop tools with digital content (national and international
market). Next comes the investment allocated to the territorial animation project to
promote economic activities and heritage values (1.8 million). The third project with the
highest investment was the dynamisation, coordination, monitoring and management
of the partnership (1.1 million) - governance model - to increase competitiveness and
territorial cohesion. It is precisely in this direction that the project of innovation in
the design of new products in the tourism sector and adjacent sectors is oriented, with
an investment of 472 thousand euros. In addition to this investment, the creation of
permanent animation structures for the qualification of the tourism offer (238 thousand
euros).

In the second stage of the implementation of the EEC PROVERE, triennium 2019–
2021, the creation of the experimentation project - knowledge villages new ways to
enhance the existing knowledge in the villages (local, traditional and know-how), using
different instruments for its promotion and preservation, in an interaction between res-
idents and visitors or external entities in the development of new innovation processes
(114 thousand euros approved) stands out.

In this sense, and considering the guidelines of the main strategic instruments on an
international, European, national and regional scale for sustainable development of the
territories, the Historical Villages of Portugal - Association for Tourism Development,
the entity responsible for managing the network and brand, assumed in the Action Pro-
gramme under EEC AHP 2020, a set of initiatives organised by the 5 anchor-projects,
using tourism as a catalyst for economic, environmental, social and cultural sustain-
ability, through the enhancement of endogenous resources of the Historical Villages of
Portugal and stimulating local entrepreneurship. The following table systematises the
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main areas of action by anchor-project and some of the results achieved in the period
under review: Table 1

Table 1. Key areas of action and results of flagship projects, 2016–2021

Anchor-projects Areas of action Results

Communication and
Marketing

-Identity AHP
- Brand AHP
-Integrated communication
(internal and external)

- Increased AHP brand
awareness;
- Networked tourist destination
with the highest number of
followers on social networks;
- Increased demand from
national and international
opinion makers (cinema,
television, photographers,
writers, etc.);
- Participation in fairs,
congresses/seminars, etc.;
- Growing interest from the
media (Portugal and Spain) and
specialised media in Europe,
USA and Brazil (cycling and
walking and sustainability);
- Implementation of road
signage and completion of the
Historical Trails network;
- Uniformization of the AHP
layout at reception points;
- Performance of promotional
activities (“De Corpo e Alma”-
Best tourism film in the world
2021);

Animation -Territorial animation
-Networking
-Community

- Setting up a regular
entertainment calendar;
- AHP-ADT Events: “12 em
Rede” – Festive Villages); “The
Castles Quest” - Great AHP
Route (GR22);
- “Ser AHP” - From Concept to
Action: Defining Basic
Requirements for the
Enhancement of the 12 AHP;

(continued)
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Table 1. (continued)

Anchor-projects Areas of action Results

Innovation - Territorial innovation
- Integrated Tourism
Products

- AHP Network - 1st
sustainable destination in
Portugal and 1st in the world in
a network (Biosphere
Destination seal);
- AHP Great Route (the biggest
European route to receive the
Leading Quality Trails - Best of
Europe seal);
- Implementation of a
monitoring system for the AHP
Great Route and Small Routes;
-Promotion of cross-selling
between regions
(Douro/AHP;Tejo/AHP; Serra
da Estrela/AHP), according to
RIS3;

Permanent Animation
Structures

- Qualifications - Upgrading and modernisation
of the AHP reception points;
- AHP signposting (Walking
trails and cultural routes);

Dynamization, Coordination
and Follow-up

- Fostering common
objectives
- Strengthening networks

- Actions to make the
partnership/consortium more
dynamic (meetings of the
management bodies; seminars,
colloquia and conferences held
in the areas in which
PROVERE operates;
interactions with private
consortium members to
implement business projects

At the same time, other structuring projects were developed and implemented for
the creation of the AHP ecosystem: Historical Villages of Portugal | A More Intelligent
Destination and Historical Villages of Portugal | “One more destination #Bikelife”.
The former geared towards providing the first destination, networked, fully covered by
fibre optics and free wi-fi, aimed at improving the quality of life of residents, tourists
and professionals in the tourism sector (intelligent destination). The largest network of
cycling routes on road (3.500 kms) was also created, stimulating soft and sustainable
mobility practices.

This innovative organisational, procedural, product and service approach imposed
greater participation and collaborative work among stakeholders in the development
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of sustainable and innovative projects, for affirmation and consolidation as a tourist
destination of excellence (University of Aveiro 2019: p.12).

5 Final Reflections

Development models have had substantial changes in recent decades. As a result of these
changes, the design and development of public policies have also undergone drastic
changes, with territories, including rural territories, being valued as spaces with natural
features, with heritage and with relationships (at community level, but also with other
territories) capable of promoting and boosting development. These changes bring new
hope to territories whose main economic activities were in devaluation and decline.

Tourism is the new opportunity for low density territories, especially by the rela-
tionship it makes possible with other sectors, allowing an articulation and interaction
between what is constituted as the knowledge of the communities, but, simultaneously,
incorporating new activities and new knowledge.

From the analysis undertaken on the object of study it can be observed that the
strategy designed for the destination reveals the incorporation of values and standards of
endogenous and sustainable development models and the so-called new public policies.
It is in this context that is manifested the adoption and application of a new governance
model, embodied in an innovative approach at organizational, procedural, product and
service levels. This approach was based on cooperative relationships between territorial
actors with a view to developing sustainable and innovative projects.
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Abstract. Dual-fuel diesel engines are praised for both being amore environmen-
tally friendly alternative to conventional diesel engines and aiding in a smoother
transition from fossil fuels to renewable sources. Depending on the type of dual-
fuel engine, they can even bemade bymodifying an already existing diesel engine.
The advantage of dual-fuel diesel engines, besides their ability to use diesel fuel in
the case there’s no gaseous fuel available, is their versatility regarding the gaseous
fuels it can use. The most popular one currently is natural gas, although hydrogen-
containing fuels such as biogas, ammonia, and syngas are also being explored as
clean and renewable alternatives. Despite their praise, dual fuel engines have yet
to be further studied to reduce some of their emissions, such as nitrogen oxides,
unburned hydrocarbons, carbon monoxide, and particulate emissions, while at the
same time maintaining higher levels of efficiency.

Keywords: Dual-fuel · Diesel engines · Renewable energy

1 Introduction

The state of our planet as we know it in present times is a result of humanity’s careless
actions, especially since the beginning of the Industrial Revolution. Because of our care-
less actions as a species, the prognosis of the Earth’s future (and in direct consequence,
ours too), actions in the form of stricter regulations and initiatives for alternative sources
have been taken by most governments – at a greater or lesser extent – to reduce harmful
emissions across sectors. The best solution to the ongoing climate change issue – one
whichmost governments agree with – is renewable energy. Contrary to fossil fuels, these
sources of energy never run out – like in the cases of solar energy and the kinetic energy
of the wind and the ocean – or can be quickly regenerated, like in the case of biomass
and energy crops. However, as all previously mentioned before, our huge reliance on
fossil fuels doesn’t necessarily make this transition an easy feat, and it’s very difficult to
achieve this on the short run. Moreover, given our reliance on fossil fuels, it’s not at all
recommendable: such a drastic transition from fossil fuels to renewable sources would
truthfully bring upon modern civilization an economic and, ironically, an environmen-
tal catastrophe [1]. Before fully transitioning to a new technology, it must be ensured

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
P. S. Duque de Brito et al. (Eds.): ICoWEFS 2022, Proceedings of the 2nd International Conference
on Water Energy Food and Sustainability (ICoWEFS 2022), pp. 386–395, 2023.
https://doi.org/10.1007/978-3-031-26849-6_40

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-26849-6_40&domain=pdf
https://doi.org/10.1007/978-3-031-26849-6_40


A Review on Gaseous Fuels for Dual-Fuel Diesel Engines 387

that this technology is sufficiently advanced to be replicated at an industrial level, and
accessible enough pricewise.

When diesel engines came to existence in the second half of the 19th century, they
revolutionized a wide array of industries across the world: they weremuchmore efficient
than steam engines and helped companies save huge sums ofmoney since this meant that
diesel fuel was muchmore energy efficient and dense compared to steam [2]. Nowadays,
diesel engines are still very much relevant in our daily lives and are used in all sorts of
applications, ranging from lawnmowers to motorcycles, and even to push cargo ships
across the oceans. Besides transportation applications, diesel engines can also be used
for electricity generation in off-grid locations such as small towns or remote islands [3].
Despite their wide array of applications and versatility, diesel engines are very much
demonized by the public, because of “Dieselgate”: a result of tampered TDI diesel
engines that were sent directly for laboratorial control to make it seem like the engines
met US standards when they emitted 40 times more nitrogen oxides than those detected
in laboratorial conditions [4]. Since then, there have been stricter regulations regarding
diesel engine manufacturing. Despite what the public might still think, diesel engines
can play an important role in the transition from fossil fuels to alternate sources. Given
the antiquity of this technology, diesel engines have had their efficiency improved upon
countless times over its history, and improvements and explorations are still taking place:
parameters such as an engines geometry are being explored and studied to help it increase
its combustion efficiency – resulting in less fuel being consumed and consequently,
less emissions. Treating exhaust emissions through the engine’s tailpipe with the use
of catalytic converters or diesel filters is another alternative. A third widely explored
alternative is the use of alternative methods such as natural gas, hydrogen, biodiesel,
fuel cells, ethanol, among others [5]. This paper’s objective is to look at the different
gaseous fuels and their advantages and disadvantages, alongside their emissions and
different treatment methods that are available for them.

2 Dual-Fuel Diesel Engines

Dual-fuel (DF) diesel engines are often mixed up with other engine models that have
similar yet different principles, such as “bi-fuel” and gas-diesel engines. The former
uses two different fuels alternatively while it’s ignited by an external source, whereas
the latter employ different methods of introducing gaseous fuel, and don’t undergo auto
ignition by themselves [3]. In simple terms, dual-fuel engines use a combination of the
compression ignition (CI) and spark ignition (SI) combustion processes [6]. Instead, a
small amount of pilot fuel, usually diesel fuel, must be used to trigger an ignition within
the engine.

While DF diesel engines can be used with a wide array of gaseous fuels, the primary
choice tends to be natural gas (NG). In DF diesel engines NG is a favorite go-to gas to
use alongside diesel and this can be seen in the numerous studies that use NG alongside
diesel fuel [7]. While other gases can be used in DF mode, NG has several attractive
properties which include an energetic content higher than that of gasoline and diesel, a
clean nature of combustion – nitrogen oxide (NOx) emissions are greatly reduced when
NG is added, and 20–30% less carbon dioxide is generated, alongside less particulate
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matter [7, 8] – and large proven reserves that are more evenly distributed compared
to petroleum [8, 9]. These reserves are often located in the same place as petroleum
reserves, but they can also be found in dry form or spaces not associated with oil gas
fields, and it’s possible to find significant NG reserves in more politically stable regions
[10].

Because of the wide availability of information, NG is often used as a “standard”:
when other gaseous fuels are being combusted, they’re oftentimes compared side-by-
side with NG to determine their efficiency. An example is this study by Aytav et al.,
where a NG/mixture is compared to a biogas/diesel mixture in DF mode [11].

3 Alternative Fuels

Despite NG’s favoritism, many researchers are studying the properties and potentials of
other alternate fuels from renewable sources. The main purpose of alternative fuels is to
reduce our dependency from fossil fuels and preferably to encourage the usage of local
resources to rely less on outsides sources, all while reducing our carbon footprints. Gas
energy, like liquid fuel, can be produced from energy crops, but can also be produced
from municipal waste, non-food crops biomass, and even water and industrial wastes.
Some of the most researched gaseous fuels include biogas, hydrogen, ammonia, and
syngas.

3.1 Biogas

Oneof themain reasons forNG’s attractive properties is tied to itsmethane content.NG is
typically composed of around 90%methane,with trace amounts of heavier hydrocarbons
(HC) like ethane, propane, butane, and diluent gases like nitrogen and carbon dioxide.
Compared to other hydrocarbons – and even compared to gasoline and diesel fuel –
methane has a very high lower heating value (LHV) of 50,01 MJ/kg, and its boiling
point is drastically lower than that of other HC. Methane is also the responsible one for
making NG have a cleaner nature of combustion: NG generally produces between 20–
30% less carbon dioxide, 50–87% less HC that aren’t methane, and can reduce carbon
monoxide emissions up to 95% [9].

It’s possible to produce methane in a renewable fashion – this process is known as
biogas. This can be objectively achieved by collecting and treatingmethane from landfills
and biomass decomposition, and consequently won’t affect food production unlike other
biofuels. In a study done by Aytav et al., a conventional DF engine was used to measure
and compare the effectiveness of natural gas and biogas,where parameters such as engine
vibration, emissions, and engine performance were measured [11]. Diesel fuel with no
added gaseous fuel was also tested using the same engine for comparison purposes. In the
case of engine vibrations, biogas has shown to lower the amplitude of these vibrations.
It’s hypothesized that the biogas’s high CO2 and CH4 content is the cause since CO2
doesn’t react during the combustion phase and reduces the volumetric efficiency of air to
fuel (A/F) mixture in the combustion chamber. In the case of CH4, high concentrations
of the gas increase antiknock properties. Regarding performance, the engine on DF
mode using biogas/diesel (BG/diesel) mixture has shown a lower thermal efficiency in
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all loads, compared to NG/diesel, and diesel alone. Additionally, the BG/diesel mixture
showed a higher specific energy consumption than that of NG/diesel and diesel alone.
Just like the other two fuels, the specific energy consumption became gradually smaller
the higher the loads, illustrating the engine’s increased efficiency at higher loads because
of the more efficient operating conditions being reached. Lastly, out of all three fuels,
BG/diesel had the highest fuel equivalence ratio at all loads. An excessively large means
a larger amount of air present which improves conditions for oxidation reactions to take
place and may enhance the production of emissions such as NOx and CO2, while CO
and hydrogen percentages decrease. The larger the fuel equivalence ratio number, more
incomplete combustions will take place.

3.2 Hydrogen

Hydrogen is one of the most promising and researched fuels, because of its redeeming
qualities, its high energetic content, and its clean production: hydrogen can bemade from
a wide array of fuels like fossil fuels, biomass, water, and even some industrial chemical
waste [12]. However, many of hydrogen’s redeeming characteristics also contribute
to its instability, such as its high flame speed, wider flammability, and faster burning
speeds. This higher instability is not ideal for IC engines since this can lead to a higher
incidence of knocking. To not let this gas’ potential go to waste – and because our
current technology does not allow it – hydrogen is mostly used as an additive for other
gaseous fuels, which will be discussed further ahead. There have been, nevertheless,
advancements in the development of hydrogen-fueled internal combustion engines over
the last two decades, but the same issues that hinder hydrogen’s commercialization
persist: storage, portability, transport, and purity of the fuel. This has led to exploring
other hydrogen-rich fuels such as brown gas, oxyhydrogen, and especially ammonia
[13].

3.3 Ammonia

Ammonia has been proposed as an alternative fuel given its hydrogen content and how
easy it is to store and transport. Additionally, this carbon-free fuel is lighter than air and
is highly soluble in water, which diminishes the risks of any fires or explosions since
this property ensure the control of any spillage. Ammonia’s high-octane content (<111)
equates to less knocking and is an attractive choice for engines with high compression
ratios. Ammonia as a single combustion fuel is more plausible, having been studied
in the past. However parameters such as its narrow flammability limit, high minimum
ignition energy, and high auto-ignition temperatures still complicate its single usage
[12, 13]. Even though using ammonia as a single fuel is not quite yet feasible, adding a
secondary fuel (such as diesel, kerosene, methanol, ethanol, or gases such as hydrogen
and methane) in DF mode can be very beneficial since this secondary fuel can enhance
ammonia’s properties.

Despite its advantages, ammonia also presents some technical challenges of its
own: ammonia is a very difficult fuel to burn given its high latent heat of vaporiza-
tion (1369.5 kJ/kg, compared to 350 kJ/kg for gasoline and 230 kJ/kg for diesel). It’s
initially presented in liquid form, and before it burns it must first vaporize and mix
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with air. Ammonia is also less dense than gasoline or diesel with a density of only 0,
63 kg/liter, and it also has a relatively low energy density per liter: ammonia’s LHV
is of around 18,8 MJ/kg. For comparison purposes, gasoline’s LHV is between 42, 5
and 43, 5 MJ/kg, and diesel’s LHV is between 42,6 and 44 MJ/kg. Some of these chal-
lenges can be theoretically alleviated if certain measures are taken: blending ammonia
with traditional fuels such as diesel can help lower the ignition temperature and helps
reduce the requirements for engine modifications. Not only that but adding traditional
fuels – alongside other methods like preheating and higher compression ratios – help
reduce flame velocity. More studies should be done to determine the optimum amount
of premixed and diffusion combustion and the diesel substitution of the total fuel energy
[13]. Another challenging characteristic ammonia has is related to its nitrogen content.
Ammonia’s evidently high nitrogen content inevitably leads to high NOx content and
unburned ammonia gas when partial combustion takes place. Even though a partial com-
bustion is not ideal, the presence of ammonia combined with the exhaust steam could be
beneficial for selective catalytic reduction systems that could subsequently help reduce
the NOx into N2.

3.4 Syngas

Also known as synthetic gas or producer gas, syngas is the resulting byproduct of gasi-
fication. Despite using mostly coal and other materials with significant CO2 emissions,
what makes gasification such an attractive technology is its versatility: any material can
be used so long as there’s carbon molecules in its composition [17].

Syngas is composed of methane, carbon monoxide, hydrogen, and small amounts of
heavier hydrocarbons, making it considered as a “transition between carbon-based fuels
and hydrogen-based fuels”. These fractions can be each larger or smaller depending
on factors like raw material, gasifier type, the heat exchange process, and its operating
conditions [16, 17]. Syngas composition can change ever so slightly from one process
to the next, just like its heating value. For example, if water vapor or oxygen were used
as a gasifying agent, the produced syngas would have a heating value between 10–
28 MJ/Nm3, whereas the use of air would result in a lower heating value: 4–7 MJ/Nm3.
Despite this, a syngas’s heating value is not as important as it seems, because in stoi-
chiometric scenarios its energetic density is nearly the same to that of fossil fuels. This
is due to its low air-fuel ratio between the syngas and air mixture.

Some characteristics that differentiate syngas from fossil fuels include its high flame
propagation speed and its wide flammability limits. Defined as the propagation rate of the
normal flame front relative to the unburned mixture, laminar flame speed is an important
property for a premixed flame as it gives fundamental information on characteristics
such as diffusivity, reactivity, and the exothermicity of the combustible hydrocarbon
mixture. [18]. In practice, its flame propagation speed is a characteristic that significantly
impacts a motor’s efficiency and is calculated based on the ratio of hydrogen and carbon
monoxide that’s presented in the syngas. Out of all the gases present in syngas, hydrogen
demonstrates to have a more significant impact in the flame propagation speed: the more
hydrogen present, the faster its speed. A more significant presence of methane is equal
to a slower flame propagation speed [19].
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Its second characteristic is its wide flammability limits. Also known as explosive
range, it can be defined as the limiting values of chemical composition or pressures
beyond which ignition cannot be achieved and is bounded by the upper and lower
flammability limits (UFL and LFL) which are respectively the maximum and minimum
concentrations of fuel in fuel-air mixture that would still allow for ignition-initiated
flame to propagate and sustain itself. The presence of this helps the motor use syngas
even when it’s not in stoichiometric conditions. This parameter is influenced by the
composition of the gaseous fuel - particularly by the presence of hydrogen in it – the
direction of propagation, size and shape of the combustion chamber, temperature, and
pressure [20]. Compared to gasoline and natural gas, syngas is more flammable [19].

Syngas’s flammable propertiesmake it an ideal fuel for boilers andDFdiesel engines,
suggesting that it could even be used as a primary fuel. In a study done by Jatinderpal
Singh et al. [21], two syngases from different raw materials were used in DF mode.
Although syngas derived from rawcotton stalks outperformed syngas derived fromwheat
straw, both overall showed significant NOx emissions decrease yet have also shown
increases in HC and CO emissions. This is possibly due to the large amounts of hydrogen
and CO present in syngas, alongside being a result of the incomplete combustion that
takes place in gasification since this process uses little oxygen.

4 Emissions

Emissions from DF diesel engines are mostly made of diverse NOx, carbon monoxide,
carbon dioxide, hydrocarbons, and particulates. The composition of emissions is influ-
enced by several factors such as fuel composition and properties, the pilot fuel employed,
the engine type, size, and geometry, among others. Although NG has a clean nature of
combustion and can significantly reduce emissions by up to 95% (for example, with car-
bon monoxide) and produce nearly no particulate matter and smoke, the same cannot be
said for other fuels. Their polluting properties can be reduced or even “taken advantage
of” with the help of additives or exhaust gas recirculation (EGR).

4.1 Additives

The purpose of additives is to enhance the properties of the gaseous fuels, ideally to have
a higher energy efficiency and to reduce pollutants. The most popular additives used in
DF diesel engines are oxygen and hydrogen. Current technologies do not allow us to use
these gases as single fuels, so using them as additives is ideal to not let their properties
go to waste.

Oxygen. Oxygen has proven to be very beneficial during the combustion process and
for reducing certain emissions. Unlike some additives, oxygen is beneficial in both low
and high loads: In lower loads, oxygen improves the stability of combustion, accelerates
partial oxidation, and a more complete combustion process takes place. In higher load
conditions, oxygen decreases ignition delay and shortens combustion durations, leading
to a lower tendency to knock. This is especially useful with NG-diesel dual-fuel engines
since at high loads too much NG can lead to prolonged ignition delay, allowing time
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to transfer heat to the end gas resulting in potential knocking. Oxygen counteracts this.
Oxygen enrichment is also a viable technique for DF biogas-diesel engines a high loads
due to improvements in several characteristics like thermal efficiency, decreases in the
ignition delay, high burning rates, and lower methane emissions [14]. Oxygen also helps
reducing CO and HC emissions, and it has been shown to reduce substantially soot
emissions and diesel pilot smoke levels. However, it also increases NOx emissions. This
is due to the increase in temperature that takes places during a more efficient combustion
process. Another challenge that presents itself is the uncertainty regarding the optimum
ratio of oxygen that must be added to the mixture: in high loads, for example, too much
oxygen can have the opposite desired effect and encourage knocking [10]. More studies
must be done regarding the use of oxygen as an additive to eradicate these uncertainties.

Hydrogen as an Additive. Despite hydrogen being a promising fuel because of its
clean and easy production and its qualities which include its fast combustion rate,
wide flammability limit, and short quenching distance [15], its instability still makes
it unsuitable for its usage as a single fuel. To not waste hydrogen’s properties and bene-
fits, researchers have compromised with the prospect of using hydrogen as an additive
while more research is done for its use as fuel. As an additive to natural gas, hydrogen
has several benefits such as enhancing the gaseous fuel’s ignition, increasing its flame
velocity, better combustion efficiency, and a more stable combustion. The last character-
istic applies in the presence of methane, so this is true for both natural gas and methane
when used alone as a fuel. As a result the mixture of natural gas and hydrogen have a
lower C/H ratio and therefore emit fewer emissions compared to fossil fuels [16].

Besides the properties mentioned prior, there are several characteristics that make
hydrogen more appealing than other fuels and explain why it’s such a good additive.
Compared to diesel and NG, hydrogen has a higher-octane number of approximately
130, and a high Lower Heating Value (LHV) content of 119, 93 MJ/kg, higher than
that of NG and diesel. This means an increased engine efficiency and control of the
auto-ignition point, in the case of HCCI engines [17]. Hydrogen’s flammability limits
are much wider than those of natural gas, and its flammable mixtures can go from an
air-to-fuel ratio of as lean as 10 and as rich as 0, 14. Its density is much lower than that
of diesel and natural gas, and the same applies to its molecular weight. Additionally,
hydrogen’s flame velocity is on average nearly ten times faster than that of diesel, and
6, 5 times faster than that of natural gas.

At least since Benbellil et al.’s article [16] publication in November 2021, there
has been and there is a lot of publications available about the use of NG enriched with
hydrogen used for diesel engines, however the contrary is to be said about articles relating
to the use of this same fuel in dual fuel diesel engines. Nevertheless, existing results
suggest that adding hydrogen to NG not only improves its brake thermal efficiency, but
it also enhances the combustion process by increasing the heat release rate HRR and
cylinder peak pressures, and reduces combustion velocity because of hydrogen’s higher
lower heating value [18, 19].
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4.2 Exhaust Gas Recirculation

Exhaust Gas Recirculation (EGR) is an NOx technique used where part of the emitted
NOx is recirculated back into the combustion chamber with the objective of potentially
reburning in the next cycle, and to dilute the oxygen present from the air stream, resulting
in a more complete combustion leading to more heat absorption, reducing in-cylinder
temperatures and NOx emissions. Reduction of temperature is essential for less NOx
formations, sinceNOx forms in peak temperatures, therefore the decrease in temperature
equals to less NOx formations. Besides NOx emissions, EGR reduces CO and HC
emissions, especially in low to intermediate loads [10, 20]. However, the usage of EGR
can be more counterproductive than beneficial in high loads: if large amounts of NG
are introduced into the engine, the amount of oxygen available in proportion to the
gaseous fuel is subpar and there’s not enough oxygen for combustion. This would instead
aggravate the problem and create more CO and HC emissions [20].

Despite the amount of research done already regarding this subject, some uncertain-
ties remain yet to be sorted out, such as those related to stationary applications where
EGR temperatures could be controlled, and finding an optimum EGR percentage where
NOX reduction in large quantities can still be achieved without having to compromise
things such as thermal efficiency [10]. In the case of finding the optimum EGR percent-
age, this issue arises from the fact that the ratio of optimum EGR percentage changes
depending on the operating conditions. High levels of NG involve more air being con-
sumed and used, andEGRbecomes unviable even thoughNOx levels increase drastically
because of the high temperatures that are being worked with. In the case of stationary
applications, more studies must be done regarding the ideal amounts of cooled EGR and
hot EGR to find the best balance between NOx reduction and optimal thermal efficiency.

EGR and H2 as an Additive. EGR may help reduce NOx emissions, but when levels
are too high this can deteriorate the combustion process and increase the levels of other
emissions such as CO, HC, and PM. A solution that has been proposed for this issue is
adding hydrogen to help stabilize combustion, since it has been widely studied within
the use of NG. Hydrogen helps increase the reactivity of the gaseous fuel and coun-
terbalance the slow mixing and combustion rates caused by high EGR amounts, thus
making the combustion process more efficient. Additionally, adding hydrogen helps
reduce greenhouse gas emissions such as those of CO2 and CH4, due to the lowered
carbon-to-hydrogen ratio of the blended gaseous fuels and the improved combustion. It
has been shown that on average, for every 10% of H2 concentration increased, HC and
CO emissions were reduced by 15–20%, and PM emissions were reduced by 10%.With
enough concentrations of hydrogen, black-carbon emissions could be eliminated [10].

Despite all these benefits, there’s also a catch: increasing hydrogen concentration
also increases NOx emissions, which could be due to the higher temperatures found
within the cylinder, or the increased prompt-NO formation due to increased OH radical
concentrations. Overall, more research must be done regarding this topic to find a proper
compromise and the optimum ratios and conditions for its best work.
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5 Conclusion and Future Direction of Research

DF technology is a promising step in the right direction, and a great technology that
aids in the transition from fossil fuels to renewable sources. Like any other technology,
DF engines are in a constant process of improvement and exploration. Besides the well-
known NG, alternative fuels of cleaner origins such as biogas, hydrogen, ammonia,
and syngas are being researched. Most of these fuels have a great potential mostly
because of their hydrogen content, and some have the added advantage of being carbon
neutral. Despite the wide amount of research available on DF diesel engines, most
researchers suggest for future and more comprehensive research to take place. The
composition of gaseous fuels is a topic that remains having a lot of research potential.
For example, NG has several shortcomings that include limited replacement ration,
efficiency deterioration, low combustion efficiency due to the incomplete combustion
nature of methane, lower gas energy density compared to that of other HC, and unburned
methane emissions, which are an issue because of their high global warming potential.
Other fuels present their own issues, like hydrogen and their instability, and ammonia
with its high nitrogen content and corrosive properties. The current technology allows
for these setbacks to be mitigated with the help of additives as seen before, yet further
research is encouraged to develop new technologies compatible with these fuels.
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Abstract. The use of 3D concrete printing, a technology within the scope of
Industry 4.0, is rapidly increasingworldwide. Despite its revolutionary advantages
for the construction industry, several challenging problems need to be solved.
Technical reinforcement is a critical issue. Several solutions have been proposed,
though all of them limit the advantages 3D printing can provide. Considering that
3D printing technology allows almost unlimited geometric freedom, it is clear
that these complex geometries will be hard to reinforce either with construction
reinforcements or meshes. This work aims to overcome this constraint with textile
reinforcements, allowing this way to take full potential of this new technology in
terms of structural design and architectural shape.

Keywords: 3D printable concrete · Reinforcement · Textile reinforcement

1 Introduction

Digital concrete production is an extremely promising and vivid research topic, enabling
the construction industry to build complex structures faster, productively, and cost-
effectively with increasing automation. Other advantages include greater geometric free-
dom, a shorter supply chain, lower energy consumption, less waste, savings in formwork
and labour, safer job sites and gender equality through the use of robotic systems, and
opportunities for construction workers to learn new skills [1–8].

Digital concrete promises to revolutionize structural design by facilitating creativity.
In addition, 3D printing is considered environmentally friendly due to the potential use
of recycled raw materials such as construction and industrial waste and the ability of
3D-printed buildings to minimize waste and dust generation compared to traditional
methods [9–13].

3D concrete printing is a disruptive innovation technology for the construction
industry, though there are some challenges to be solved. Some examples are the 3D
printer dimensions, the directional dependence of the produced concrete, and the lack
of standards and regulations [14–18].
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1.1 Challenges of 3D-Printing Concrete

Conventional concretes are not suitable for use in 3D printers as they do not meet rhe-
ological requirements. Several research teams and industrial manufacturers have been
trying to optimize the fresh properties of concrete to make it printable, mostly by replac-
ing coarse aggregates by finer ones and pozzolans, such as sand, clay, fly ash and silica
fume, have been used for this purpose. However, printable concrete became highly sus-
ceptible to cracking, as coarse aggregates are required to control excessive shrinkage. To
overcome this problem, fiber reinforcements and shrinkage reduction or compensating
admixtures have been tested [13].

There are many studies on 3d printable concretes, though not enough attention has
been paid to the materials used for building-scale 3D printing. Several engineering chal-
lenges associated with the “printability” of the concrete materials used for building-scale
3D printing have been overcome, though most of these works ignore the inherent weak-
nesses of conventional concrete and its implications for 3D printed structures (Scheurer
et al. 2020; Souza et al. 2020; [9, 12, 13, 19].

Generally, when it comes to concrete structures, the most important problem is that
cementitious materials do not have sufficient tensile capacity and ductility for their
intended applications, so steel reinforcement is typically used to carry tension within
the concrete. Conversely, 3D printing technologies offer almost unlimited geometric
freedom, so this complex geometry need to be reinforced. This reinforcement is not pos-
sible with traditional construction reinforcements or meshes, so these new technologies
won’t be used to their full potential in terms of structural design and architectural forms.
Additionally, the moldless structure largely eliminates the external vibration of the 3D
printed concrete, weakening the concrete-rebar connection. Thus, it is clear that the rein-
forcement concepts and principles applied to conventional concrete structures (designed
to overcome the tensile limitations of concrete) cannot be applied in 3D printing. [10,
19, 20, 21].

2 Reinforcement Strategies for 3D-Printed Concrete

Despite the 3D printing’s many advantages, its application in construction is still limited
due to the difficulty of adding reinforcements to achieve needed strength and ductil-
ity. Several reinforcement strategies have been proposed in the literature to solve this
limitation, as follows:

• Printable fibre reinforced concrete [22]; Portland cement paste and reinforcing short
fibres (carbon, glass and basalt fibres, 3–6 mm) are studied. Alignment of the fibres
caused by the 3D-printing process is observed, opening up the possibility of using
the print path direction to control fiber orientation within the printed structures. A
schematic diagram of the fiber alignment and a sample photograph of the aligned
reinforcement is illustrated in Fig. 1.
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Fig. 1. (A) Schematic diagram of the nozzle-injection technique: by pressing the fiber-reinforced
paste through a syringe, fibers are aligned parallel to themovement of the nozzle, (B) Photograph of
a sample containing aligned reinforcement fibers and corresponding ESEMmicrographs showing
the fiber orientation (perpendicular and parallel to the fracture surface of the specimen) [22].

• External reinforcement arrangements: 3D-printing integrated concrete mold and the
placing of vertical reinforcement in this mold to be filled with fluid or vibratory
concrete, as shown in Fig. 2 [23]);

Fig. 2. Application of external reinforcement arrangements [23]

• Adding high-strength steel fibres to the concrete during printing (TU Eindhoven,
2017);

• Concrete printing around fixed steel reinforcement, and concrete and reinforcement
printing with multiple arms running in parallel [24].

Although these strategies can address the limitations of 3D-printed concrete struc-
tures to some extent, the proposed solutions are not yet satisfactory, particularly regarding
an adequate reinforcement of 3D-printed concrete structures with complex geometries
(e.x. double curved) remains a challenge [20, 21].
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When it comes to 3D-printed concrete, the most adopted strategy, especially for
industrial companies, is to use the 3D-printed concrete as a mould to build channels-
like structures to contain the rebars. Inside these channels, the steel reinforcements can
be positioned vertically for the columns (as shown in Figs. 3a and b) or horizontally
(manually or digitally controlled) after the compression of each layer, enhancing the
stability of the structure (see Fig. 3c). These channels are then filled with conventional
flowable concrete. Similarly, printing concretes at both sides of a steel grid using a mod-
ified forked nozzle is a feasible way to combine structures with vertical and horizontal
reinforcements (Fig. 3d). A flexible reinforcement wire coil can be placed, providing
longitudinal tensile strength and ductility, while concrete is printed using devices con-
nected to the nozzle (see Fig. 3e). This approach has been commercially used by the
Chinese company HuaShang Tengda [25].

Fig. 3. Designs of structures for printing: a,b) channels with vertically-positioned steel reinforce-
ments; c) channel supported by horizontally-positioned steel reinforcements; d) wall supported
by a pre-fabricated steel grid with laying concrete at both sides and e) layers reinforced with a
flexible steel cable inserted during printing using a spool-like device.

As noted by Asprone et al. [20], the deterioration of reinforced concrete structures
is mainly due to the corrosion of steel reinforcement, there are very few studies on
non-metallic reinforcement, for example regarding composite materials. Fibers and
continuous fiber-based materials (traditionally referred to as technical textiles) offer
some advantages over conventional metal-based materials, as they have highly mod-
ifiable mechanical properties, such as strength, elongation, tensile strength, the high
strength-to-weight ratio of Young’s modulus, and variable porosity) [12].

2.1 Strain Hardening Cementitious Concrete

Recent reinforcement works are focused on Strain Harden Cementitious Concrete
(SHCC). Considering the potential provided by fibers, this type of concrete could offer
a possible solution for the reinforcement problem. In this approach, printable reinforced
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3Dconcrete is producedusing short fibres. SHCCexhibitsmultiple thin cracks and strain-
hardening properties under tensile loading. In addition to its extremely high mechanical
performance under static and dynamic loading, SHCC has a number of other advantages:
1) SHCC-specific narrow cracks are suitable for the durability of structural members,
2) The fine polymeric fibers used in SHCC help to reduce the negative consequences
of shrinkage (plastic, autogenous and drying) that occur in the absence of coarse aggre-
gate. This way, crack formation can be prevented [9, 13]. This fiber-reinforced 3D print-
able concrete can meet building-scale steel reinforcement needs, thus providing greater
freedom and efficiency [19].

Nevertheless, this method is suitable for low-rise buildings, where load-bearing
capacity is not required, and so far the building solutions to be printed have a max-
imum of five floors. The tensile strength of 3D printed concrete structures must be
increased, and new strategies must be found for printing high-rise buildings requiring
higher bearing capacity.

As illustrated in Fig. 4, different geometries have been adopted to improve the
load-bearing capacity and the stability of walls produced with concrete through the
SHCC approach [13]. However, the SHCC approach also significantly limits the free-
dom of complex architectural designs, which is a crucial benefit of 3D printed concrete
technology.

Fig. 4. Examples of 3D printing components with different geometries [13].

The various concepts and prototypes presented are promising, but none of them fully
meets the relevant requirements for the wide-ranging application of 3D printed concrete,
further progress is needed [9].

According to Nerella et al. [9] and Souza et al. [13], further investigation is required,
allowing the use of construction reinforcements with fiber that can bear the tensile
strength of structures solving the reinforcement issue. There is an urgent need to create
new technology for reinforcing 3D-printed structural components.

On the other hand, Souza et al. [13] point out that new materials can contribute to
the solution, emphasizing the inadequacy of existent methods and materials.

3 Using Textile Reinforced Matrix in 3D Printing Method

Textile materials can significantly improve themechanical behaviour of cement matrices
under static and dynamic conditions, providing superior tensile strength, toughness,
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ductility, energy absorption and protection against environmental degradation [26]. In
recent years, the application of textile reinforced concrete (TRC) in the construction
industry has got a lot of attention. Textile reinforced concrete (TRC) is based on the
use of inorganic-based matrices, instead of organic-based resin matrices. These textile
reinforced concretes are not only used in civil engineering [27, 28], but also are a strong
alternative method to reinforcements with FRP composites for reinforcement purposes.

Commonly, cementitious mortar matrices are used, though lime mortar matrices can
also be used [29]. FRP reinforcement and fabric materials can be utilized as reinforce-
mentmaterials. Textile reinforcements are oftenmade fromcarbon, basalt and glass fibre,
which can increase the durability and lightness requirements for concrete structures.

In addition, TRC has high formability compared to steel-reinforced concrete [27,
28], so TRC is particularly competitive for complex thin-shell structural members with
fine-grained concrete matrices [21].

The abovementioned advantages of reinforcing textiles have led some research teams
to investigate its application in concrete. Research on textile meshes as reinforcements
for cementitious products started in the early 1980s and generated a new class of mate-
rials – textile reinforced concrete (TRC). Developments progressed rather slowly until
the end of the 1990s. But over the last 20 years, remarkable progress has been made
on this subject, especially in new structures [30]. Further research on this material is
still necessary, though the first commercial applications are available, including precast
elements, such as facades, and complex load-bearing structures, such as bridges, as well
other applications in strengthening reinforced concrete structures [12, 31].

In the TRC method, a mortar matrix is laid on the surface of the structure to be
strengthened, the reinforcement material is then placed on this matrix, and covered with
a mortar matrix. Figure 5 shows the TRC system and its implementation.

Fig. 5. (a) TRM layered view, (b)(c)(d) installation of TRM to the system, respectively
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3.1 Advantages of Using Textile Reinforcement with 3d Printed Concrete

Compared with traditional steel reinforcements, textile reinforcements offer several
advantages as thesematerials are perfectly suited for 3Dprinting construction, as follows:

• Higher specific strength. These lightweight materials have high strength, so they will
not put an extra load on the 3D concrete layers, on top of supporting the transport of
the upper layers.

• Good formability; the material can be produced according to the requirements, can
be cut and bent. Considering architectural design freedom, this material allows all the
needed design freedom for the 3D printing,

• Corrosion resistance; The materials commonly used for TRC do not corrode, so the
minimum concrete coverage traditionally required can be greatly reduced (up to 80%),
allowing the fabrication of thin-walled elements, which can lead to new architectural
possibilities.

Conversely, fine aggregates with a particle size of less than 4 mm are used in the
concrete design produced for TRC, in line with the production of 3D printable concrete
[12]. In addition, the presence of textile reinforcement does not reduce the fluidity
of concrete like the SHCC, so the problem of cold joint formation is minimized, not
requiring any measure to prevent it.

3.2 Evaluation of the Use of Textile Reinforcement Within 3d Printed Concrete

Scheurer et al. [12], continuous fibre-based reinforcements (textiles) offer a promising
alternative to reinforce 3D printing cement- or lime-based matrices, as textile rein-
forcements can be tailored to suit various design requirements. It seems suitable textile
reinforcement solutions can be selected for different approaches to improving digi-
tal concrete production. Figure 6 shows Scheurer et al. [12] proposal to apply fiber
reinforcement within 3D-printed concrete.

Fig. 6. Proposal of textile reinforcement for 3DP concretes [12]
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The most important parameter determining fiber selection on textile production is
material selection. The chosen textile material must be a lightweight material with a
high strength.

According to the reinforcement evaluation, carbon has good tensile strength and
low thermal expansion, but it is expensive, not adhering well to concrete and lime-based
matrices. Basalt is formed bymelting basalt rock, so it is more cost-effective than carbon
and has good tensile strength.

In addition to meeting these criteria, there is a need to pay attention to the casting
conditions and rheological properties of the 3D printingmaterial to tolerate the cold joint
areas that may occur at the interfaces of the 3D layers. There is also a need to investigate
the compatibility between the textile material and the matrix, that is why basalt textile is
recommended as a textile reinforcement material as it has a good bond behaviour either
with cement or lime matrices due to its natural structure.

4 Conclusions

One of the most important challenges in 3D concrete studies is the reinforcement prob-
lem, especially at the structural scale. It is essential to reinforce the buildings to be pro-
duced by 3d printing.. However, traditional reinforcement techniques are not suitable
as they limit the geometric design freedom, a major advantage of 3d printed concretes.
Thiswork discusses the reinforcement of 3Dprinted concrete elementswith textile-based
reinforcement materials.

Existing 3Dconcrete studies did not address the advantages of a textile-reinforcement
material for 3D concrete structures. Most of them use steel-based reinforcements or
short fibres added to the concrete matrix in 3DP concretes. In this work, textile fibres are
considered the best reinforcement material, allowing to take full potential of this new
3DP technology in terms of structural design and architectural shape.
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Abstract. This work aims to give insight about this concern by making a sys-
tematic study of how temperature (150–250 ºC) and time (30–60 min) affect the
distribution of fractions during HTC. Both solid (hydrochar) and liquid characteri-
zation made by suitable techniques were employed to elucidate reaction pathways
and to identify interactions between variables.

By making thoughtful quantification of the solid and liquid phases, and con-
sidering the reactions involved on HTC processes, it was possible to elucidate the
reaction conditions that favour the formation of water, and those that are more
prone to yield a less dense liquid.

Pistachio nut shell was degraded at different extent degrees, from almost an
unperceiptible degree (150 ºC, 30 min) to reach a coal-like aspect, and heating
values close to that of lignite (23 MJ/kg, for harshest reaction conditions).

1 Introduction

The shift of the worldwide energetic model towards a greater contribution of renewable
sources of energy, less centralized and more efficient, is mandatory. Numerous national
and international agreements such as the recent European Green Deal [1], are pushing
R&D strategies all over the world in this frame.

Biomass has demonstrated its key role on the way to this next scenery, mostly due
to well-known properties such as zero CO2 net emissions, versatility, abundancy, spread
character and because it facilitates the disposal of wastes otherwise toxic to the envi-
ronment. The methods used to treat biomass, however, defines how green is the whole
process, in terms of energy cost, production of potentially toxic by products, etc.

Pistachio nut shell (PNS) was chosen as raw material due to two main reasons: a) it
is a very homogeneous material, what makes it very suitable to be used for a rigorous
experimental study in which determining the effects of thermodynamical properties on
the reaction products is the main target; in addition its hardness makes it ideal to yield
granular carbon materials; b) it is a very abundant biomass waste in south west Spain
and many Mediterranean areas. The outstanding nutritional properties of this fruit make
this material be named as green gold, and the market has experienced a buoyant growth;
last reports (dating may 2022) forecast a continuous rising tendency on next years [2].
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Previous pieces of research have successfully proben the suitability of PNS as pre-
cursor for carbon materials manufacture. For example, Xu et al. (2018) [3] investigated
the suitability of PNS as anodematerials in Na ion batteries; Hassan et al. (2015) [4] have
used PNS to prepare activated carbons that could be used as adsorbents for pesticides
in water. We, in a previous paper (2018), investigated the use of porous PNS HCs to
remove some emerging microcontaminants (caffeine) from liquid solutions.

Hydrothermal carbonization (HTC) of biomass is one of the several thermochemical
methods that can be used today to upgrade biomass and convert it into high value
products. HTC consists on the degradation of biomass in the presence of water under
subcritical conditions and autogenous pressure [5]. Under temperatures as low as 180–
260 °C and only using for several hours in a closed system. As products of the process,
a solid carbonaceous material, the hydrochar (HC), is obtained, as well a process water
(PW), and a small fraction of gas (<5%) [6].

The knowledge gathered duringmore than one decade of intense worldwide research
on HTC of biomass has shown, on the one hand, the potential of the process and its
promising role to transform biomass into added value products with a wide range of
applications but, on the other hand, also the complexity of the process, since a broad
spectrum of reactions take place at different states of aggregation. We can classify them
as processes:

a) at the liquid-liquid interface to take place (products from HTC evolve or interact
with others to form bigger compounds that can eventually form macromolecules or
even solid nanoparticles (typically found as microspheres).

b) at the liquid-solid interface, where adsorption reactions of some liquid compounds
on the HC or deposition of the microspheres might take place.

c) at the gas-liquid interface, where gasification processes of biomass/liquid fragments
and gases (mainly CO2) may also occur.

This complex interplay of processes determines the effect of time on the final HC
mass, and therefore solid yield (SY= final HC mass/ initial biomass mass) can increase
or decrease with time depending on the reaction conditions (temperature) and the time
range considered; it has to reach a particular value in order to guarantee the prominence
of degradation reactions (and thus SY decreases with time), but if it is long enough it
will involve a rise in SY because of the enhancement of recombination (condensation,
polymerization) and adsorption processes.

On the other hand, the role of water is not still understood, and even less is how
its participation (reactant and product) depends on the process conditions. While some
clear water consuming and water producing processes are present at almost any reaction
condition (hydrolysis and dehydration, respectively), the extent of polymerization and
recombination reactions, and their influence on the water distribution has been scarcely
tacked so far.

In other to give insight to this gap of knowledge, this study comprises a systematic
research on the effect of water and time on the distribution of phases (solid and liquid)
as well as on their properties. The extent of particular processes was suggested from the
characterization results of hydrochars (surface morphology, point of zero charge, carbon
densification and high heating value) and slurry (pH, conductivity and density).
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2 Experimental

The rawmaterial, pistachio nut shell (PNS) was provided by local farmers from the south
west Spain Navalmoral de la Mata, Extremadura region) and subjected to crushing and
grinding to get homogeneous particle size (1–2 mm). Thereafter, the material was dried
in an oven to remove residual moisture in an furnace (120 ºC). The procedure and
characterization techniques used have been described in Fig. 1.

Fig. 1. Experimental procedure and characterization techniques

Hydrothermal carbonization processes (HTC) were performed on stainless steel ves-
sel (BeghofDAB-2) thatwere inserted on an autonomous heating system.Water/biomass
load, system volume and thermodynamical properties were designed to guarantee, in all
cases, that water remained as liquid [7] (Ro et al., 2022. Temperature and time ranges
of 150–250 ºC and 30–45 min were used, respectively, while biomass/water ratio was
in all cases 2:20 (wt./wt.%).

After processing, the reactor was opened, the gas vented, and the solid and liquid
fractions weighed (paper filters had been previously weighed so that their contribution
was then substracted). Solid and liquid phases were characterized as follows:

– Hydrochar: Solid yield (SY,%), elemental analyses (EA-1108 CHNS (LECO Instru-
ment), High Heating Value (HHV, 1351 Parr calorimetric bomb), Scanning Electron
Microscopy (SEM,Quanta 3DFEG, FEI) and surface functionalization (FT-IR, Perkin
Elmer model Paragon 1000PC spectrophotometer).

– Liquid: Liquid yield (LY, %), density, pH and conductivity (Crimson equipment).

3 Discussion of Results

Figure 2 compiles the solid yield (SY,%) evolutionwith temperature for someof theHTC
reactionsmade under different dwell times. Themoderate value of the lower temperature
in the range (150 ºC), which did not have any remarkable effect for 30 min (98.7%) was
however enough to produce a clear degradation of biomass when the reaction time was
further prolongated (87.4%, for 45 min sample).

This suggests that rather than HTC, 30 min reactions did only heated the biomass;
heat transfer resistances along the several system layers (stainless steel reactor wall,
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Teflon vessel wall and water) must have slow down the process. The 30 min heating
for 150 ºC run, however, did have any slight effect if one considers that the system pH
dropped to 4.37 (initial pH around 7), so some pre-hydrolysis occurred, even under such
mild conditions.

From our results, we can infer that since pH has already drop at 150 ºC, hydrolysis
is already taking place (at greater extent if longer times are used); this would in turn
consume H2O to formH3O+ ions. Then, dehydration can also happen, which would lead
to the production of water. The temperature at which hemicellulose starts to decompose
has been stated at about 180 ºC [6], while cellulose decomposition has been placed at
about 190 ºC [8] (Sevilla et al., 2011) or 200 ºC [6]. From our results, we already find a
remarkable drop in SY at 170 ºC. If these macromolecules are not still being degraded,
then the SY drop could be associated to extractables.

Fig. 2. SY values of HTC runs made under different temperature and time conditions

On the other hand, it is absolutely highlighting the cutting point we find in the range
190–210 ºC, for which time elongation from 30 to 45 min passes from being significant
to be not as much influent on the solid yield.

This might suggest that the reaction severity is mostly governed by temperature,
but once a given temperature is used; this temperature, probably associated to cellulose
breakage, will favour depolymerization reactions and thus the formation of monomers
and oligomers. Whether these fragments are then combined on the liquid phase to yield
other macromolecules that might then adsorb on the HC surface (and account for solid
yield) is a fact difficult to prove, but the combined analysis of liquid and solid features
can help, as we explain bellow.

Figure 3 shows the acidity values found on the liquid phase of each run. Following
the previous approach, a greater reaction extensionwould also involve a rise on theH3O+

concentration at the liquid phase, since, by dehydration, the biomass carbohydrates such
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as sucrose or starch, in their fundamental constituents (glucose and fructose) decompose
to yield monomers and hydronium ions. The pH values in Fig. 3 (whose trend was
opposite to slurry conductivity) also decrease with temperature and time (as it was
found for SY) but the intensity of the decrease is rather constant (with the exception of
longer times and greater temperatures).

This effect is in agreement with our previous hypothesis; the bigger the reaction
severity, the greater the extent of degradation reactions, although prolonged time might
a) favor secondary HC formation and, in a minor extent, c) favor acid consumption.

On the other hand, lignin from lignocellulosic biomass partially hydrolyses, giving
rise to phenolic compounds [10]; although not shown here, previous results using the
same raw material showed that increasing temperature involved an increasing formation
of phenolic acids.

Fig. 3. Liquid pH values for runs made under different temperature and time conditions

In Fig. 3, the values of HHV (as representative of energy or carbon densification
attained) and SY of specific runs have been included as labels. Having a look to these
values, we can see that samples HC-210–45 and HC-230–30 show a similar value of
HHV(16.9–17.6MJ/kg) and also similar SY (53.7–50.6%), respectively. The pH for both
is the same (3.23–3.21), suggesting that this value can be a good predictor of reaction
severity and allow comparing experimental conditions. The experimental conditions
used involve a rise on the HHV of the initial biomass (16.02 MJ/kg) up to 22.1 MJ/kg,
and temperature was the factor with the biggest influence on it.

On the other, as expected, conductivity followed in all cases the opposite tendency
of pH; it always increased with temperature and the range of values was in the interval
320–500 mV. It is outstanding that in absolute terms lower temperatures yielded lower
values, suggesting a lower ionization of liquid phase due to less extent of hydrolysis.
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One thing that has been scarcely studied so far regarding HTC processes is how
experimental conditions can affect the liquid yield. This task has been often made by
difference with the solid yield, assuming negligible gas yield (since it accounts for less
than 5%, as most of the bibliography suggest).

In our case, we tried to quantify how much biomass fragments are transferred to the
liquid phase by weighting the liquid phase (including the dried liquid volume) as well
as the density of the slurry, and then estimating the mass gained by the water, making
the corresponding mass balance.

The results for the series made during 30 min showed a clear tendency: greater
temperatures have a positive effect on water formation; water was generated and in
addition, the density was increased. This in turn indicates that a greater fraction of
biomass was degraded, and the molecules transferred to the liquid phase were more
abundant. This tendency, however, was not so clear at 45 min, what could be associated
to the prominence of condensation and recombination reactions, that can favour the
deposition of macrospheres on the solid phase and this way decrease the liquid density.

These microspheres were identified by SEM micrography (Fig. 4), and were found
to increase in size for longer times. The liquid for longer times also appeared clearer and
less turbid.

Fig. 4. SEM images of HC-230–30

Regarding the HCs surface properties, both the point of zero charge and surface
functionalitieswere followed, and some of themost outstanding results have been plotted
in Fig. 5.
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Fig. 5. Evolution of point of zero charge and FT-IR spectra

4 Conclusions

HTC experimental conditions (temperature and time) can yield carbon materials with
a wide range of solid yield/energy densification and surface acidity. Both temperature
and time affect the extent of HTC, although temperature seems to be more influential,
especially at the first stages of the process, because it can define what degradation
processes take place.

First pre-hydrolysis reactions already occur at 150 ºC and 30 min of reaction, and
the solid yield undergoes a continuous decrease up to 250ºC, that is more intense as the
heating is more severe in the range 170–190 ºC, coincident with the cellulose breaking,
which was further identified from surface FT-IR spectra. All these have an immediate
effect on the hydronium ion concentration of the liquid phase at the same time that it
gets denser as a lot of monomers are formed as a result of polymer breaking up.

Further degradation processes (decarboxylation, decarbolynation or demethanation)
and decomposition of these monomers involve the formation of acids that can combine
and yield other compounds (eventually, larger times can result on a rise on liquid pH) and
even water molecules can form. Besides, time can also favor the adsorption of molecules
from the liquid phase so that final water density drops and solid yield increases.

Future works will be devoted to analyzing the composition of water during and after
HTC processes.

Acknowledgements. The authors thank the Agencia Española de Investigación for the financial
help through project PID2020-116144RB-I00/AEI/ 10.13039/ 501100011033).
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Abstract. Hydrothermal carbonization has been proven to be an effective way of
densifying the carbon content of biomass; at the same time, the resulting carbon
material (hydrochar, HC) has porosity properties that can help the transport of
water and nutrients in soil amendment applications. There is, however, evidence
that the presence of some surface compounds on the HCs can have a detrimental
effect on the soil physico-chemical properties and in consequence also on plant
growth.

This study aimed to improve the performance of walnut shell HCs in this
application, by subjecting them to hot water, acetone and hydrochloric acid wash-
ing. In addition, the effect of the addition of these HCs on agricultural soil was
evaluated under different proportions (1%, 3% y 9%). The results showed that
both growing and germination indexes of lettuce plants were improved after HCs
were treated; also, it was found that using a high concentration of material make
the substrate phytotoxic.

Keywords: Soil amendment · Fertilizer · Hydrothermal carbonization

1 Introduction

Agriculture faces today several significant challenges such as climate change, soil degra-
dation and loss of fertility. Moreover, demographical growing also causes deficiencies
on food supply, what is mitigated by abusive and not sustainable techniques based on
the excessive use of fertilizers and intensive managing, which also contributes to soil
contamination [1].

The severe effects of agriculture on climate change can be associated to anthro-
pogenic carbon dioxide emissions (10–12% of the yearly worldwide emissions) [2] and
to most of nitrogen oxides from soil microbial activity and the massive use of nitro-
genated fertilizers [3]. In addition to soil degradation due to agricultural activities, its
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contamination because of industry practices is evenmore drastic (discharge of chemicals,
heavy machinery, over exploitation of hydric resources, etc.). It is therefore essential to
promote short-term sustainable agricultural practices and, in this line, the use of organic
wastes as substrates (or part of it) has a main role.

A substrate can be defined as any solid material different to soil, that can be natural
or synthetic, mineral or organic, and can be added as a pure material or blended. The
main functions of the substrate are generally providing plant anchorage, and delivering
water, nutrients, and oxygen to the roots.

Cultivation on substrate provides, in relation to soil farming, a greater control in
relation to the production factors of the plant radical system. The volume the roots must
follow is reduced by using substrates, that also have the ability of retaining water at low
strain stress. This ability, related to the particle size (bigger than in soils), allows the
elimination of water from the pores under low strains [4]. Substrates also favor nutrient
transport and air diffusion within the soil matrix.

Biochars (chars from pyrolysis, also called pyrochars) have been used as substrates
duringmany years. As a result of pyrolysis, the C frombiomass is stabilized and becomes
more resistant to chemical and biological decomposition [5]. Adding biochar to soil
reduces its apparent density, increases its water retention capacity and improves the soil
structure [6]; it also enhances its infiltration and permeability capacity, which results in
a better development of roots and microbial breathing as well as gas exchange.

Hydrochars (HCs) are carbonmaterials that share some characteristicswith biochars.
In thefirst place,HCsare obtained following amuchmore sustainable process, hydrother-
mal carbonization (HTC), also called wet pyrolysis. HTC requires mild temperatures
(around 180–250 ºC, instead of 600–800 ºC of pyrolysis) and also enables the use of
wet biomass; since water is a reactant of the process, the water content of the precursor
is no longer a problem, as it happens with pyrolysis (this is an outstanding point since it
allows broading the scope of potential raw materials to humid biomass, sewage sludge,
manure, and others).

HTC can be regarded as a CO2 capture process, since most is the carbon that was
fixed by the plants during its photosynthesis is recovered into the solid product (the
hydrochar), accumulated in a material that resists natural processes of degradation that
would otherwise release this carbon dioxide again; it therefore represents an artificial
way of fixing carbon of biomass on a large scale. In addition, HTC process does not
need costly drying pretreatments since the water of the precursor is used as a reactant in
the process [7].

As detrimental aspects in relation to pyrochars applied to soil amendment processes,
HCs in general present fewer aromatic structures on its surface, greater H/C ratios, are
more unstable and can have surface acid groups. As advantage, HCs are associated
with a faster mineralization, a lower content of heavy metals and better cation-exchange
capacity (CEC).

There are very few studies on the use of biomass HCs in this application are contro-
versial; some point out its potential as nutrient source some others allude to its toxicity;
there is a lack on the systematic study of HCs added to real soil.: Bejarano and Aguilar
[7] reported that the HC rapidly improved the soil properties due to the fast mineraliza-
tion, what involved a better C fixation, pH and CEC. Differently, Gronwald et al., [8]
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found that C sequestration was poorer for HCs, but highlighted their potential to act as
a mid-term fertilizer through slow nutrient release to soils.

Within this framework we aim to evaluate the fitotoxic activity of different types of
HCs; namely: simple walnut shell HC (HC), HC washed with distilled water (HCL) and
HC washed with acetone (HCLA). The study aims to evaluate the fitotoxic activity of
walnut shell HCs, under different concentrations, on the germination, root length and
stem length of the plant Lactuca sativa.

2 Experimental

2.1 Hydrochar Preparation

Hydrochars (HCs) were made from walnut Shell, provided by local farmers (Benavides
plantation, property of Borges, Olivenza, Spain) and was subjected to grinding and
sieving to a particle size of 1–2 mm. HCs were prepared in a stainless steel autoclave
according to the procedure described in ref. [9] at 230 ºC during 20 h. As a result of the
process, a slurry composed of liquid oily phase and HC.

Three different fractions of HCs were used: HCs resulting from the separation of the
slurry by simple filtration on Whatman paper, b) HC washed with acetone and c) HC
washed with hot water (300 mL, 4 times). After these processes, the HCs were dried at
110 ºC overnight.

2.2 Field Incubation Tests

Commercial lettuce seeds (Lactuca sativa L. variedad Romaine Verte Maraìchère) were
used in this study, due to their high sensitivity.

The substrate was obtained from an area placed at southern Spain, characterized by
dry soil (Luvisol albi-gleic type, coordinates 38.885559 –7.015051); Surface layers up
to 5 cm deep were gathered (5 kg). Filter paper (Whatman nº 118, 90 mm diameter).

The substrate, universal type, has the following properties: organic/dry matter: 60%,
electrical conductivity: 40 mS/m, apparent dry density: 320 g/l, granulometry; 0–20 mm
and pH: 6,5.

The biotests were static test of acute toxicity with a duration of 5 days each. Ger-
mination of the seeds and growing of the plants during the first days were evaluated, as
well as the inhibition on the germination, the emergence of cotyledons, and hypocotyl
by the estimation of several characteristic indexes.

In each bio-assay, 50 seedswere placed on Petri plates with 50 g of substrate, that was
a blend of commercial substrate and HC under different proportions (1, 3 and 9% wt.);
each run was made four times. The samples were kept during 5 days on a germination
chamber at 21 ºC with a 12 h light/ 12 h darkness photoperiod. All plates were watered
on the first day with 20–25 ml of distilled water.

3 Discussion of Results

Figure 1 shows the effect of the HC addition on the germination of Lactuca sativa. At
first glance, it can be deduced that adding non-washed HC inhibits the germination, and
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this effect is significant when the HC is added in a greater quantity (9% run). A very
different trend is found when the HC is subjected to washing both with hot water or
acetone: in these cases, total germination and its speed are greater than the control test;
especially, the HCLA-9% shows a significant improvement.

Fig. 1 Percentage of daily germination accumulated and percentage relative to the control of total
germination (GT) and velocity speed (S) of Lactuca sativa.* significantly different to control: p
< 0,05 (Mann–Whitney U-test). a, b y c: different letters indicate significant differences between
HCs. 1, 2 y 3: different numbers indicate significant different between concentrations
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This result is consistent with the data related to the days needed for the germination
of 50% of the seeds (T50), included in Table 1. When non-washed HC is used, more
days are needed (or this germination percentage is not even reached). After treatment,
this time period is decreased until the level of the control sample.

Table 1. T50 results (days) for different HCs

In relation to total germination (GT) in percentage relative to control, it was found
that, as the percentage of washed HC is greater, the number of germinated seeds in
increased, and there are significant differences in relation to control sample, up to 134%
(when the concentration of HCL is 9%). For 3% run, the number of germinated seeds
also surpasses the control run (120%) and in the case of 1% the effect is low. Figure 2
shows some images corresponding to the germination tests of HCLA, the last day of the
run.

Fig. 2 Lactuca sativa showed on soil with a substrate enriched with HC washed with distilled
water (HCLA) at different concentrations: a) 1%, b) 3% y c) 9%; d) control plate without HCLA

4 Conclusions

The results obtained showed that hydrochar pretreatment was decisive on its effect on
the soil and plant growing parameters. In this way, the higher load of hydrochar without
washing, the greater the inhibition of germination and development of Lactuca sativa. In
contrast, when hydrochar washed with water and hydrochar washed with acetone were
used, a greater load of hydrochar brought up a greater germination, and growth of the
plants.

The fact that washed HCs contribute to an improvement of Lactuca sativa germi-
nation demonstrates that they can mean a new soil improver, much more sustainable
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than traditional fertilizers, and can at the same time be a tool to fight against the climate
change.

Acknowledgements. The authors thank the Agencia Española de Investigación for the financial
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Abstract. Fine grounds are one of the by-products resulting from the production
of sour cherry (Prunus cerasus) liqueur, obtained by decanting the liquor when
it is in the storage stage. These consist of a portion of solid material, from plant
origin, which is suspended in a sugary hydroalcoholic solution. As a by-product, it
is currently undervalued, namely in the food sector. Aiming to find a possible use
for this by-product, nutritional characterization of the fine grounds was carried out
regarding protein, lipid, carbohydrate, and ash contents, as well as the fatty acid
(FA) profile. Also, the antioxidant activity of extracts was evaluated. The analyses
were done on the dry residue containing 18% humidity, obtained by centrifugation
followed by drying the solid residue at 30˚C. Fine groundsweremainly constituted
by carbohydrates (57.81%) and proteins (17.64%) and, in lower values, by lipids
(4.66%) and ash (1.82%). Polyunsaturated fatty acids were the major class corre-
sponding to 43.9%, whereas saturated and monounsaturated fatty acids appeared
in similar amounts corresponding to 29.8% and 26.3% of total FA, respectively.
Oleic (C18:1 n-9) and linoleic (C18:2 n-6) were the most abundant FA, reaching
values of 25.62± 0.11% and 22.32± 0.08%, respectively. No relevant antioxidant
activitywas observed in the extracts prepared by sequential extractionwith solvent
increasing polarity. Due to its balanced nutritional composition, the valorization
of fine grounds could be done through its use as an additive to flour or as a powder
used to flavour various beverages, yogurts, and similar products.

Keywords: By-product valorization · Fatty acids · Nutritional composition ·
Sour cherry · Sour cherry liquor

1 Introduction

Solid waste management has become one of the major environmental concerns in the
world. In 2006, the European Union generated around 89 million tons of food waste
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without any valorization [1]. According to the circular economy development model,
it is possible to build a more harmonious society that efficiently manage all natural
resources in a sustainable way, by increasing the recovery and recycling of by-products
and materials, and their conversion into new and low-cost interesting products [2].

In recent years, some of the industrial waste and by-products have been studied to
evaluate their nutritional composition and the presence of bioactive compounds. In fact,
these by-products showed enormous potential as source of compounds with antioxidant,
and antimicrobial activities that might have interest to pharmaceutical, food, agriculture,
or cosmetic industries [3–5].

Sour cherry, (Prunus cerasus L.) is an acidic fruit that, due to its bitter taste, is not
used for direct consumption. However, it is widely used for liquor production that can
be found in many countries of Europe, namely in Portugal, and of Southwestern Asia.
In the manufacturing process, fruits are first infused in an alcoholic solution to extract
aromatic and color compounds, and afterwards pressed to separate the pomace from the
suspension. Then, the suspension is mixed with sugar syrup and left to decant to separate
the liquor from the fine solid residue. Therefore, the production of this liquor generates
substantial amounts of direct (pomace and fine grounds) and indirect (stems and leaves)
solid waste [6].

In the last few years, several studies have showed that sour cherry is rich in bioactive
compounds, due to its phenolic and flavonoid contents, and has high nutritional value [7–
12]. The bioactive compounds identified in this fruit can also provide important health
benefits, such as antioxidant, anti-inflammatory, and anticancer properties [7, 13–16].
Thus, it is likely that the waste obtained from the production of sour cherry liquor has
important bioactivities and/or high nutritional value.

Many authors have studied the phytochemical composition of pomace, skin, stones,
leaves and stems of sour cherry. Piccirillo et al. [17, 18] have reported that ethanolic
extracts from both stems and leaves of sour cherry plants were rich in polyphenols and
showed antibacterial activity against several bacterial strains (both Gram-positive and
Gram-negative species). These results are in agreement with those obtained by Demiray
et al. [19] who described the highest antioxidant properties in 70% ethanol stems extract
and in pure water leaves extracts. Maurício et al. [20] tested the pomace and skin of
sour cherry, obtaining the highest extraction yield, polyphenolic content, and antioxidant
activity in the skin samples. Also, Yılmaz et al. [21] reported the composition, functional
properties, and recovery potential of by-products of sour cherry. It is referred that the
pomace and seeds of sour cherry have antioxidant activities and contain valuable amounts
of biological compounds that could be recovered for new functional food development.
However, to the best of our knowledge, the biological potential of the fine grounds, a
by-product of the production of sour cherry liquor, has never been evaluated.

Thus, this study aimed to evaluate the nutritional composition of fine grounds (FG),
obtained after decantation of sour cherry liquor, the phenolic content, and the antioxidant
activity of extracts, prepared by sequential extraction following increase solvent polarity,
in order to develop a novel functional food with relevant biological properties.
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2 Materials and Methods

2.1 Sample Preparation

Fine grounds (FG) were obtained by centrifugation at 12000 rpm for 10min (Eppendorf,
Hamburg, Germany). The solid residue was dried at 30 °C for 48 h and subsequently
homogenized, originating a dry residue (DR). The DR was characterized regarding its
nutritional composition, fatty acid profile, and extracts antioxidant activity.

2.2 Nutritional Composition

Water Content. Water content was determined according to the method 930.15 of
AOAC [22]. DR samples (3 g) were weighed into porcelain crucibles, which were previ-
ously dried at 500 °C (Nabertherm, Bermen, Germany) for 4 h. The crucibles containing
the DR samples were then dried in an oven (BINDER, Tuttlingen, Germany) at 105 °C,
until constant weight. Samples were analysed in quadruplicate and the results were
expressed as % of DR.

Ash Quantification. Mineral content quantification was performed according to the
method 955.04 of AOAC [22]. Samples previously dried at 105 °C were incinerated in
a muffle (Nabertherm, Bermen, Germany) at 500 °C for 12 h. Results were expressed
as % DR or % of dry weight of dried residue (% DW).

Total Protein Content. Total protein of the DR was quantified from the total nitro-
gen content, determined by the Kjeldahl method, protocol nr. 978.04 of AOAC [22] as
described by Neves et al. [23], using a conversion factor of 6.25. Samples were analysed
in quadruplicate and the results were expressed as % DR and % DW.

Total Lipid Content. Total lipid content was determined according to Folch et al. [24]
with slight modifications described by Neves et al. [23]. Samples were analysed in
quadruplicate and the lipid content was expressed as % DR and % DW.

Total Carbohydrates Content. Total carbohydrates (% DW) were determined by
difference, considering total protein, total lipids, and ash values.

2.3 Fatty Acid Profile

Firstly, dry residue samples were directly transmethylated to obtain fatty acid methyl
esters (FAME), as described by Fernández et al. [25]. FAMEwere analysed by gas chro-
matography (GC) following the procedure described by Neves et al. [23] with differ-
ences in the oven temperature program of the Finnigan Trace gas chromatographer Ultra
(Thermo Electron, Waltham, Massachusetts, EUA) that was programmed as follows: set
at 100 ºC for 0.1 min, followed by an increase at 10 ºC/min to 150 ºC (maintaining for
1 min), a second increase at 5 ºC/min to 200 ºC (during 9 min) and finally an increase
at 2 ºC/min to 235 ºC (during 5 min). Fatty acids were identified by comparison of its
retention time with those of Supelco 37, PUFA 1 and PUFA 3 standard mixtures. The
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results were expressed as percentage in respect to total area (% Total FA) and the amount
of each fatty acid (µg/mgDR)was calculated by the internal standardmethod, according
to the following equation:

FAx(μg/mg) = Area(FAx)

Area(IS)
× VIS × CIS

VE
× VS

ms
× RRf

K
(1)

Being: FAx – The fatty acid to be quantified; IS – Internal standard; CIS – Concen-
tration of IS (µg/mL); VIS – Volume of IS solution added in the vial (µL); VE – volume
of sample hexane extract added in vial (µL); VS – volume of hexane used for the extrac-
tion of FAME from samples (mL); ms – mass sample (mg); RRf - Theoretical relative
response factor related with the IS (C17 FAME) [26]; K – FAME/FA mass ratio.

In addition, the thrombogenic index (TI ), atherogenic index (AI ) and hypocholes-
terolemic/hypercholesterolemic fatty acids index (H/H ) were calculated according to
the following equations:

TI = C14 : 0+ C16 : 0+ C18 : 0
0.5× ∑

MUFA+ 3× ∑
n3+ 0.5× ∑

n6+
∑

n3∑
n6

(2)

AI = C12 : 0+ 4× C14 : 0+ C16 : 0
∑

MUFA+ ∑
n3+ ∑

n6
(3)

H/H =
C18 : 1n9+ C18 : 2n6+ C20 : 4n6+ C18 : 3n6+
C20 : 5n3+ C22 : 5n3+ C20 : 6n3

C14 : 0+ C16 : 0 (4)

2.4 Extracts Characterization

Extraction Procedure. Dry residue (100 g) was used for sequential extractions with 1L
of each solvent, following increase polarity, as follows: petroleum ether (PE), acetone
(Ace), ethanol (EtOH), ethanol 50% (EtOH 50%) and water (Wt), under stirring at room
temperature for 3 h. After each extraction, the extracts were filtered, and the solvents
were removed by vacuum evaporation (IKA, Staufen, Germany). Finally, the three less
polar extracts were dried in an oven at 30 °C and the remaining were lyophilized. All
extracts were characterized in terms of antioxidant activity and phenolic profile.

Total Phenolic Content. Total phenolic content (TPC) quantification of the dry residue
extracts was performed spectrophotometrically (at 755 nm, BioTek Instruments,
Winooski, USA) according to the Folin-Ciocalteu colorimetric method [27] adapted
to the micro-scale as described by Neves et al. [23]. The results were expressed as µg
gallic acid equivalent per mg of dry extract (DE) (µg GAE/mg DE).

DPPH Scavenging Activity. The DPPH radical scavenging activity of the extracts was
evaluated as described by Neves et al. [27] with some modifications. In Eppendorf
tubes, were added 950 µL of DPPH solution (40 µg/mL of ethanol) and 50 µL of
extract (1 mg/mL) dissolved in their extraction solvent. The samples were stirred and
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kept in dark at room temperature for 30 min. Posteriorly, four aliquots of 200 µL of the
mixture were transferred to a 96 well microplate and the absorbance was measured at
517 nm (BioTek Instruments, Winooski, USA). Solutions of the synthetic antioxidant
Trolox was subjected to the same process, as well as the solution used as negative control
(consisting of 950 µL of DPPH and 50 µL of the dissolution extract solvent) and blanks
(950 µL of ethanol and 50 µL of each extract). The results were expressed as µg Trolox
equivalent per mg of DE (µg Trolox/mg DE).

Ferric Reducing Activity Power (FRAP). The evaluation of the antioxidant activity
by the Fe (III) reducing power was performed spectrophotometrically (595 nm, BioTek
Instruments,Winooski, USA) and adapted to a microscale according to Neves et al. [23].
Standard solutions of Trolox were used for the elaboration of the calibration curves. The
results were expressed as µg Trolox/mg DE.

ABTS Scavenging Activity. Antioxidant activity of the extracts was also evaluated by
theABTS scavenging activity assay, as described byKonan et al. [28]. ABTS reagentwas
previously prepared bymixing 7mMC18H16N4O6S4-(NH4)2 and 12.25mMK2S2O8 in
a proportion of 4:1. After 16 h in the dark, the absorbance of the solution was adjusted to
0.700 at a wavelength of 734 nm (Thermo Fisher Scientific, Shangai, China). The color
reaction was carried out in Eppendorf tubes, adding 50µL of extract (1 mg/mL) and 950
µL of ABTS reagent. After stirring for 1 min, the samples were transferred to a cuvette
and the absorbance was measured at 734 nm. The analyses were performed in triplicate.
The same procedure was used for the blanks and standard solutions. Calibration curves
were preparedwithTrolox standard solutions. The resultswere obtained inµgTrolox/mg
DE.

2.5 Statistical Analysis

All experiments were conducted in at least three independent replicates and the pre-
sented values correspond to the mean ± standard deviation. Statistical tests were done
with the SPSS software 28 (IBM Corporation, USA). The results were considered sta-
tistically significant with a significance level of 5%. The data were analysed by analysis
of variance (one - way ANOVA). The assumptions of ANOVAwere verified through the
Kolmogorov-Smirnov normality test and Levenne homogeneity. Depending on the ful-
filment of the ANOVA assumptions, Tukey’s or Games-Howell’s multiple comparison
tests were applied.

3 Results and Discussion

3.1 Nutritional Composition

The centesimal composition of the FG dried residue (DR) is presented in Table 1. The
nutrient present in highest amount were carbohydrates (c.a. 58%), followed by water,
proteins, lipids, and ash. Regarding macronutrients, DR has a balanced composition,
containing approximately 344 kcal/100 g. The energetic distribution of macronutrients
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Table 1. Proximate composition (%DWand%DR) andmacronutrients energy value of the dried
residue.

Parameters Content

Dry weight of dried
residue (%)

Dried residue (%) Energy (Kcal) Total energy value
(%)

Protein 21.51 ± 0.17 17.64 ± 0.14 71 21

Fats 5.69 ± 0.04 4.66 ± 0.04 42 12

Ash 2.22 ± 0.03 1.82 ± 0.13 n.a n.a

Carbohydrates 70.57 ± 0.19 57.81 ± 0.33 231 67

Water content 0 18.06 ± 0.33 n.a n.a

n.a.- not applicable.

relative to the total energy value, existing in DR, is very to the Eurodiet Core Report
2000 and the FAO/WHO 1990 recommendations, being 55% to 75% for carbohydrates,
15% to 30% for lipids and 10% to 15% for protein [29].

The fatty acid profile determined by gas chromatography is shown in Table 2. The
main FA found was oleic acid, a monounsaturated FA (C18:1 n-9 cis), followed by the
polyunsaturated FAs linoleic acid (C18:2 n-6) and alpha-linolenic acid (ALA) (C18:3
n-3). The most abundant saturated FA were palmitic (C16:0) and lauric acid (C12:0).
It was not possible to identify the sixth most abundant compound, which is about five
times lower than the oleic acid content. Through bibliographic research, we suggest that
it may be the alpha-eleostearic acid (C18:3 n-5) [30, 31]. The seventh most abundant FA
was stearic acid (C18:0). The remaining FA are minority shareholders, with percentages
lower than 1%. In oil obtained from cherry pits (Prunus avium L.) it is possible to find
a constitution of FA like that found in DR, however it is verified that in cherry kernels
oil, the proportion of alpha-eleostearic acid appears in third place, followed by linoleic
and oleic acids with increasing concentrations. The fourth most abundant FA, in cherry
oil, it is palmitic acid [30].

Aiming the evaluation of food nutritional value and its health effect, PUFA/SFA and
n-6/n-3 ratios as well as thrombogenic (TI), atherogenic (AI), and hypocholesterolemic/
hypercholesterolemic (H/H) fatty acids indexes are frequently used [32–34]. Values of
PUFA/SFA higher than 0.4 and n-6/n-3 ratio lower than 4.0, in human diets, are rec-
ommended to prevent the development of cardiovascular diseases and some chronic
diseases, such as cancer [33, 35]. In FG, PUFA/SFA and n-6/n-3 had values of 1.47
and 1.34, respectively (Table 2). Being in accordance with the recommended values, FG
appear to be a healthy source of fatty acids. Also, a fatty acid source is considered a
healthy one, with potential protective effect for coronary artery disease, if low AI and
TI (<1.0 and <0.5, respectively) and high H/H indexes occur [34, 35]. The AI indi-
cates the ratio between the sum of the main SFA and that of main classes of UFA, the
former being considered proatherogenic (favouring the adhesion of lipids to cells of the
immunological and circulatory system), and the latter being antiatherogenic (inhibiting
the aggregation of plaque and diminishing the levels of esterified fatty acid, cholesterol,
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Table 2. Fatty acid profile of the dried residue.

Fatty acid Total fatty acids (%) Concentration (µg/mg)

C12:0 9.63 ± 0.10 2.14 ± 0.15

C14:0 0.33 ± 0.03 0.07 ± 0.01

C15:0 0.19 ± 0.02 0.05 ± 0.00

C16:0 15.64 ± 0.09 3.64 ± 0.33

C17:0 0.35 ± 0.02 0.08 ± 0.01

C18:0 3.38 ± 0.04 0.79 ± 0.08

C20:0 0.29 ± 0.03 0.06 ± 0.01

C16:1 n-7 0.7 ± 0.06 0.18 ± 0.03

C18:1 n-9 cis 25.62 ± 0.11 5.93 ± 0.48

C18:2 n-6 22.32 ± 0.08 4.99 ± 0.53

C18:3 n-3 (ALA) 16.68 ± 0.04 3.87 ± 0.33

C18:3 n-5 4.86 ± 0.05 1.09 ± 0.08

� SFA 29.82 ± 0.13 6.82 ± 0.56

� MUFA 26.32 ± 0.07 6.12 ± 0.50

� PUFA 43.86 ± 0.08 9.95 ± 0.93

� UFA 70.18 ± 0.13 16.06 ± 1.42

� n-3 16.68 ± 0.04 3.87 ± 0.33

� n-6 22.32 ± 0.08 4.99 ± 0.53

UFA/SFA 2.35 ± 0.01 n.a

PUFA/SFA 1.47 ± 0.01 n.a

n-6/n-3 1.34 ± 0.01 n.a

H/H 4.05 ± 0.03 n.a

AI 0.41 ± 0.00 n.a

TI 0.26 ± 0.00 n.a

n.a.- not applicable. SFA – Saturated Fatty Acids; MUFA – Monounsaturated Fatty Acids;
PUFA – Polyunsaturated Fatty Acids; UFA – Unsaturated Fatty Acids; H/H – Hypocholes-
terolemic/Hypercholesterolemic fatty acids index; AI – Atherogenic index; TI – Thrombogenic
index.

and phospholipids, thereby preventing the appearance of micro-coronary and macro-
coronary diseases). The TI values indicate the tendency to form clots in the blood vessels.
This is defined as the ratio between the prothrombogenic (saturated) and antithrombo-
genic fatty acids (� MUFA, n-6, and n-3) [36]. The ratio between hypocholesterolemic
and hypercholesterolemic fatty acids (H/H) indicates the effects of specific fatty acids
on cholesterol metabolism. Nutritionally higher H/H values are considered more bene-
ficial for human health [35]. Considering the recommended values for AI, TI, and H/H,
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which values were 0.41, 0.26 and 4.05, respectively, one may conclude that the FG is a
by-product with a healthy and balanced fatty acid profile.

3.2 Extracts Characterization

The results for the total phenolic content and antioxidant activity are shown in Table 3.
Ethanol 50% and water extracts showed the highest phenolic content and antioxi-
dant activity, with exception on ABTS assay. Water extract had the highest values in
TPC (77.63 µg GAE/mg) and in FRAP assay (40.0 µg TroloxE/mg). These values
showed significant differences when compared to the remaining extracts. Conversely,
the hydroethanolic extract had the highest antioxidant activity in the DPPH and ABTS
assays (41.8 and 27.95 µg TroloxE/mg, respectively) with significant differences com-
paring to the other extracts. In opposition, ethanolic extract showed the lower antioxidant
activity and petroleum ether extract did not show any antioxidant activity in any of the
tested methods. Overall, it is not visible a higher phenols content or antioxidant activity
in all the five extracts. It is possible that the higher amounts of phenolic compounds with
antioxidant properties might be in the liquor, the hydroalcoholic extract of sour cherry.

Table 3. Total phenolic content (TPC) expressed as gallic acid equivalents (µg GAE/mg); DPPH
scavenging activity, ABTS scavenging activity and FRAP expressed as (µg TroloxE/mg);

Parameter Sour cherry extract

Petroleum
ether

Acetone Ethanol Ethanol 50% Water

TPC 1.9 ± 1.4 a 12.98 ± 0.89 b 5.38 ± 0.00 c 47.01 ± 0.89 d 77.63 ± 0.69 e

DPPH 8.5 ± 3.4 a 13.5 ± 2.3 b 11.8 ± 2.1 a,b 41.8 ± 3.1 c 30.0 ± 2.8 d

ABTS 6.2 ± 3.2a 5.79 ± 0.40 a,b 5.43 ± 0.21 a,b 27.95 ± 0.73 c 2.02 ± 0.76 b

FRAP * 12.00 ± 0.76 a 6.87 ± 0.31 b 32.17 ± 0.15 c 40.0 ± 2.2 d

* Without activity. On the same row, different letters mean significant differences (P < 0.05)
between extracts.

4 Conclusions

By analysing the nutritional values obtained during the study, it is notable that it can be
used in the production of a novel product or as a food supplement. In fact, with reference
to Regulation (EC) no. 1924/2006 of the European Parliament [38] this product could
have the nutrition claim “Source of protein” or “High protein content”, as it contains
more than 12% of the total energy value supplied by proteins (21%). Concomitantly, the
DR could contain the claim “Low in saturated fat”, since it does not exceeds 1.5g/100g
of saturated fatty acids and fatty acids trans. In addition, it was noteworthy that the
fat content of the DR of FG has a healthy composition, with an UFA/SFA, PUFA/SFA
and n-6/n-3 ratios and thrombogenic, atherogenic and hypocholesterolemic fatty acids
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/ hypercholesterolemic fatty acids indexes, within the recommended values. However,
the phenolic content and antioxidant activity of the tested extracts despite being present,
did not show significant values. The pigments present in DR have not been studied in
this work, however, there is also a potential for its recover and use.
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Abstract. In the context of globalisation, companies must find innovative ways
to become more competitive. Continuous assessment of the process of develop-
ing and managing new technologies, products and services through technological
audits is essential for positioning companies in the marketplace. A technolog-
ical audit is a research method that aims to assess the technological capacities,
processes and needs of small andmedium-sized enterprises. In this study, the tech-
nological audit conducted within the INNOINVEST project in collaboration with
research centres is presented as a method for assessing the technological capacity
of enterprises in the field of energy technologies for buildings. The results of the
technological auditmade it possible to identify the areas of improvement in which
companies should invest in order to promote operational innovation. In this sense,
conducting the technological audit proved to be a helpful strategy as it enabled
the companies to identify areas of improvement and recommendations for inno-
vation. It should be noted that the auditor must be a specialist with state-of-the-art
knowledge in the area of activity to allow a two-way exchange of scientific and
technical information with the company.

Keywords: Buildings · Energy · New technologies · Technological audit ·
Research centres

1 Introduction

The need for timely and continuous review of the effectiveness of risk management
and control systems is critical. Businesses are constantly exposed to significant errors,
fraud or inefficiencies that can lead to financial loss and increased risk. An evolving
regulatory environment, increasing business globalisation, market pressures to improve
operations and rapidly changing business conditions result in the need for timely and
continuous assurance that controls are operating effectively, and risks are mitigated. The
globalisation of markets is forcing companies to take steps to differentiate themselves in
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the face of increasing competition in the business world. This differentiation can include
increasing the innovative power of companies as a crucial measure to increase their
competitiveness [1–3]. The efficient use of resources combined with the capacity for
research, development and innovation can favour competitiveness between companies,
thus promoting sustainable growth [4–6]. In this way, innovation is one of the keys to the
success of companies [2]. Innovation is a process that involves creation, development,
and management, leading to new products or tools or to the modernisation and updating
of existing processes [5, 7–9]. Constant monitoring of the creation, development and
management process through technological audits is essential for positioning companies
in the market [8, 10, 11].

A technological audit is a method of investigation aiming at the evaluation of the
technological capacity, procedures, and needs of small and medium-sized enterprises
(SME) [10]. The audit is based on a set of indicators that, in addition to the technological
base, assess the technological management capabilities of the company, themain vectors
of the organisational structures that affect the technological aspect, and the interaction
of the company with its environment [10, 12, 13].

The general objective of technological audits is to assess the ability of SMEs to
integrate new technologies, work with technology partners and better define what they
need to successfully integrate these technologies into their business [1, 3, 9].

Specifically, technological audits aim to: (i) identify the technologies used by the
organisation; (ii) classify these technologies; (iii) identify the weaknesses and strengths
of these technologies; (iv) analyse the needs and training potential (e.g. known and
unimplemented technologies); and (v) identify the technological potential of the organ-
isation: conditions that need to be met and what technology needs to be implemented to
make the organisation more competitive [12–14]. The technological audit is conducted
by external consultants in close cooperation with the company’s management and staff.
It is based on the structure: data collection – analysis – synthesis – report [15].

The work presented in this paper is part of the INNOINVEST project [16]. It is a
project that involves several public and private entities from Portugal and Spain that are
active in the energy products and services for the construction and building sector. The
main goal of this project is to foster links between research centres and regional com-
panies in the field of Research, Development, and Innovation (R+D+I) to develop new
energy products and services for the construction and building sector [16]. There are three
specific objectives associated with the main goal: (i) to provide a permanent structure
for cooperation between enterprises and research centres in the Extremadura, Alentejo
and Centro Euroregion (EUROACE) area, named Innoinvest Advisory Programme; (ii)
to increase the number of companies in the EUROACE area developing new innovative
energy products and/or services for buildings through R+D+I cooperation with research
centres; and (iii) to improve R+D+I cooperation between companies and research cen-
tres in the EUROACE area up to the patenting of new products, components and services
[16].

Cooperation between research centres and companies is basedon three topics: (a)new
materials, to improve R+D+I on applications of materials with high thermal, acoustic
and fire-retardant properties, (b) cold-heat systems, by improving R+D+I on applications
to create cold-heat systems based on devices that use renewable resources with lower
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breakage rates, and (c) energy storage, with the aim of improving R+D+I on applications
and control systems to create electrical energy storage systems or passive energy storage
[16]. These are critical topics for sustainable construction whose main objectives are the
optimisation of natural and energy resources.

This study aims to present the technological audit, carried out within the scope of
the INNOINVEST project, as a methodology to assess the technological capacity of
companies and improve products and services related to energy technologies applied to
buildings.

2 Methods

The technological audit was conducted in four phases: (i) preparation for the techno-
logical audit: here the auditor collected information from the companies, the status of
technologies used in the industry and potential innovations; (ii) conducting the audit:
as a tool for conducting the audit, an online questionnaire was created in Portuguese to
help identify the technologies used in the company and assess their level of implemen-
tation; (iii) analysis of the results: taking into account the information obtained in the
previous two phases, the results were analysed to assess the technological positioning
of the company; (iv) elaboration of the “Plano Innoempresa”: the auditor prepared an
analysis report and a diagnosis of the company, which included the results of the audit,
the conclusions that made it possible to determine the technological situation of the
company and the action plan for improvement.

The technological audit was carried out in several companies in the construction
and building sector in EUROACE. This study focused on the seventeen technological
audits carried out within the sphere of influence of the Guarda Polytechnic Institute.
The Polytechnic of Guarda is a higher education institution for training and education.
Through its research unit, it intends to stimulate research and development in Beira
Interior region of Portugal.

To perform the technological audit, the questionnaire developedwithin the INNOIN-
VEST project was used to identify the technologies used in the company and to assess the
degree of implementation of these technologies. The questionnaire covers the following
topics: (i) general company data; (ii) human resources; (iii) the main products/services
of the company; (iv) identification of processes and technologies; (v) classification of
technologies; (vi) key factors for innovation; (vii) innovation opportunities; (viii) iden-
tification of the potential for the application of new technologies and (ix) classification
of new technologies. In describing the previous topics in more detail, it should be noted
that in topics (i) and (ii) general information about the company was collected and the
organisational structure of the company was briefly described. Topic (iii) described the
three main product/service lines. In topic (iv), the auditor identified the company’s tech-
nologies, both those used in the production process and other tasks necessary for the
development of the company’s activity. In topic (v), the auditor, in collaboration with
the entrepreneur, identified the leading technologies used by the company and classified
them according to competitive impact, the competitive advantage that the technology
represents for the company, the level of maturity, the stage of development that the tech-
nology is in and the importance of these technologies for the company, the impact of the
technology on the company’s various products and services (Table 1).
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It should be noted that an external auditor conducted the technological audit because,
since most companies are small or even micro-enterprises, their human resources tend
to focus on technologies they regularly use rather than on new technologies. Add to this
fact the limited availability of human resources to analyse and implement audit requests.
The research centres supported the conducting of the technological audits.

Table 1. Classification of technology according to the competitive impact, the level of maturity
and the importance of technology for the company

Competitive
Impact

Emerging - Technology with high potential to change the
competitive basis of activity

Key - Critical technology for success as it maintains the
competitive position of the enterprise

Base - Essential technologies that must be present in the sector
in which the company operates but do not provide a
competitive advantage

Level of Maturity Emerging - Technology that is not yet on the market or is at a
very early stage

Growing - Technology that is present in the products/processes
of leading companies, whose use is beginning to become
generalised and may develop further in the future

Mature - A technology that is known and present in the vast
majority of companies and for which no significant advances
are expected in the future

In decline - Technologies that are being abandoned by
companies

Importance of the Technology Very High - Significantly affects all products and services of
the company

High - Most of the company’s products are affected

Average - It only affects a number of relevant products

Low - It only affects a number of products/services that are not
relevant to the company

For topic (vi), the assessor needs to analyse certain factors that affect the company’s
innovation management, i.e. aspects of the organisation related to the company’s culture
of innovation, how new products and services are identified and customers’ needs are
anticipated, or how the company encourages employees to bring in ideas and creativity,
etc.

Topic (vii) is about identifying the activities within the organisation where innova-
tion needs, and opportunities, can be detected. The opportunities that the auditor seeks to
detect may be based on product and service innovation, process, management and tech-
nological innovation through the incorporation of technologies that enable the efficient
and successful introduction of new products into the market.
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Topic (viii) aims to identify the possibility of innovation in some technologies that are
the subject of the project: new materials with high thermal, acoustic and fire-retardant
properties, cold-heat systems and energy storage. In point (ix), the most interesting
technology selected previously is evaluated according to the following parameters: (a)
impact on competitive position, i.e. how will the technology improve the competitive
position in play, using the classification terms low, medium or high, (b) potential market,
using the classification terms, technology not in demand (potential customers do not
recognise the benefits of the new technology) or technology in demand (high demand
and acceptance by customers), and (c) degree of knowledge the company has about the
technology, using the classification terms low, medium, high and very high. It should be
noted that the classification scales have been converted into numerical values to facilitate
the completion of the questionnaire.

In the next section the result of the technological audit and the Action Plan of one
of the companies involved in the INNOINVEST project will be presented.

3 Results

Of the companies that participated in the technological audit, construction is the most
represented activity sector, followed by manufacturing (Fig. 1).

Fig. 1. SME enterprises by sector of activity

The main activities of the audited companies are aluminium window frames and
aluminium processing (Fig. 2).
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Fig. 2. SME enterprises by activity

3.1 Technological Audit

After all the information had been obtained in the previous steps, the results were anal-
ysed to assess the technological positioning of the companies. For this purpose, the
matrix of technological differentiation, a radar chart of key factors for innovation and a
matrix of technological impact were created.

Using the matrix for technological differentiation (Fig. 3), it is possible to check
that all the technologies identified by the auditor and entrepreneur have a competitive
effect that is classified asKey. As far as the maturity of the technologies is concerned, the
technological audit revealed that the 3Ddrawing software and the four-axismultifunction
CNC machine have a degree of maturity level that is classified as Growing, while the
automatic carpentry modeller and automatic edge banding are classified as Mature.

Fig. 3. Matrix of technological differentiation

Regarding the key factors for innovation, the radar chart (Fig. 4) shows that the most
important key factor for companies is innovation in business planning (numeric value



Technological Audit as a Strategy to Improve Products and Services 437

= 3), while cooperation has the lowest value (numeric value= 0). This last result could
indicate a lack of inclination to carry out projects and business in cooperation with other
companies, such as research centres.

Fig. 4. Radar chart of the key factors for innovation.

Regarding technological impact, the classification of new technologies was made,
considering the parameters impact on competitive position, potential market, and degree
of knowledge the company has about the technology. Figure 5 shows the technological
matrix for carpentry technology with thermal bridge rupture. The results indicate that
it is a technology in demand and that it has an average impact on the company’s compet-
itive position in the market. On the other hand, it shows that the company’s knowledge
about the technology is average. This result shows that this technology can increase the
competitiveness of the company insofar as it is demanded by the market, for which it is
necessary to deepen its technical and scientific knowledge.

Fig. 5. Matrix of technological impact
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3.2 Action Plan

The term audit has a negative connotation in the business world because it is associ-
ated with inspection. The development of the Action Plan made it possible to mitigate
companies’ resistance to participating in the technological audit. An Action Plan named
the “Plano Innoempresa” was produced. This was a document to analyse, diagnose and
evaluate the technological capacity of the company, identify weaknesses and propose
improvements and ways to move from the current technological situation to the desired
technological situation. A work plan was also drawn up, identifying actions to develop
or improve products and services related to technologies associated with the INNOIN-
VEST project, such as new materials with high thermal, acoustic and fire-retardant
properties, cold-heat systems and energy storage systems. In this way, the carpentry
company received indications that the company needs to master all key technologies,
maintain support for essential technologies and be aware of at least one of the emerging
technologies in order to be prepared for possible technological changes in the future.
Recommendations were also made, such as raising funds to invest in new technologies,
implementing computer systems to support commercial, operational and financial man-
agement, developing web solutions to support online business, and finding partners (e.g.
research centres) to develop new products.

4 Conclusion

In the context of the current scenario, technological innovation reinforces the need for
a continuous process of improvement. Adapting to this globalised reality allows tech-
nologies to be implemented and quickly assimilated by professionals to create bene-
fits that become competitive advantages. Conducting the technological audit proved to
be a helpful strategy as it allowed companies to identify areas for improvement and
recommendations for innovation.

Many of the companies interviewed were small and micro enterprises with family
roots, without market studies and focused on regional market niches. In the face of
the economic crisis triggered by the Coronavirus 2019 disease, however, despite being
receptive to the proposals presented, the companies were only concerned about their
survival, so the implementation of the improvement proposals, which always require
costs in the form of personnel, materials or both, was not considered feasible. It is
stressed that the auditor must be an expert who knows the state of the art in his field
of activity in order to allow a two-way exchange of scientific and technical information
with company managers.
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Abstract. This work aims to review the contribution of biofuels as complement
or alternative to gasoline in spark ignition (SI) engines, taking into account the
chemical nature and properties of these renewable fuels and describing their effects
on engine performance and exhaust emissions. The limits imposed by the legis-
lation, regarding the use of first-generation biofuels, as well as the maturity and
economic viability of the production of drop-in-fuels are also fundamental drivers
for the technological solutions that will be adopted in the next decades to promote
sustainable mobility using SI engines.

Keywords: Alternative fuel · Biofuel · Binary and ternary blend · SI engine

1 Introduction

Internal combustion engines have been optimized to use fossil fuels and fuel additives
have been proposed to increase fuel performance and minimize emissions.

One of the strategies to improve the thermal efficiency of SI engines is to increase
their compression ratio but an engine with a high compression ratio requires a fuel with
a high octane index (OI) [1]. In the 1920s, tetraethyl lead was added to gasoline in order
to increase the fuel OI but the growing detection of lead in air, water, soils and plants
rapidly raised concerns with lead toxicity and the environmental impacts of this option
[2]. Therefore, in the 1970s, lead compounds would be replaced by methyl tertiary butyl
ether (MTBE) an organic ether with good miscibility with gasoline. With the advent of
the promotion of renewable fuels, bioethanol was used as an additive to gasoline with
similar advantages for OI and exhaust emissions [3].

As most renewable fuels are not completely equivalent to fossil fuels, their use
has been gradually implemented as fuel additives in moderate percentages in order to
minimize negative effects on engine behaviour. Advanced biofuels, which are currently
being developed, can overcome these limitations, achieving true equivalence to fossil
fuels and, therefore, can be used without restrictions in unmodified engines.

The purpose of this work is to review the literature on liquid biofuels proposed as
additives or alternative fuels to gasoline. Liquid fuels are easier to store and transport
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than gaseous fuels, but in order to burn they must be transformed into a gas or quasi-gas.
The effects of these biofuels on engine performance will be discussed as well as their
potential to influence emissions.

2 Current Status of Liquid Biofuels

Regardless of the type of engine used, there are five types of liquid biofuels that are
currently available in industrial quantities and have been regularly integrated in the
composition of commercial fuels. Table 1 identifies these biofuels, as well as the raw
materials and processes that gave rise to them.

Table 1. Identification of commercially available liquid biofuels [4–7].

Raw material Conversion process Liquid biofuel Type

Sugar (sugar cane) Fermentation, distillation Bioethanol Alcohol

Starch (corn) Hydrolysis, fermentation,
distillation

Bioethanol (47%) and
isobutene (53%)

Chemical reaction Bio-ETBE (*) Ether

Oilseeds Pressure, extraction Vegetable oil Lipids

Vegetable oil, animal
fat, residual oil

Transesterification Biodiesel Ester

Catalytic hydrotreatment Hydrogenated vegetable
oil (HVO)

Alkanes

(*) In the production of bio-ETBE, a significant percentage of fossil fuels is used.

The two biofuels available in greater quantities are bioethanol and biodiesel because
they are produced from existing crops using mature technologies [3].

The bioethanol industries are based on corn and sugar cane, but in the last decades
production of cellulosic ethanol has been developed to reduce wastes and answer the
increasing limitations on the use of first generation fuels [3, 8].

Bio-ETBE is listed as a biofuel since it can be produced from bioethanol therefore
it is partially of renewable origin [5].

The kinematic viscosity of vegetable oils and animal fats is 5 to 10 times higher
than that of diesel, which limits their application in conventional compression ignition
engines [9]. The viscosity of biodiesel, obtained by transesterification of vegetable oils,
shows a significant improvement compared to pure vegetable oil [10]. The influence of
the feedstock in the biodiesel properties and the requirements of the transesterification
process have limited the raw materials used for biodiesel production to essentially pure
vegetable oils. The catalytic thermochemical conversion of lipids to bio-oils allowed
the use of a wider range of lipid materials even those partially degraded or with some
percentage of contaminants enabling the valorisation of waste materials [11, 12].

The catalytic hydrodeoxygenation of lipids occurs at temperatures higher than
400 ºC, in a hydrogen-rich atmosphere and produces HVOs that are bio-oils rich in
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aliphatic hydrocarbons [13]. HVOs are distilled to yield different biofuel fractions with
characteristics adequate for replacement of various fossil fuels [14–16].

Table 2 gives a general view of fuel formulations containing biofuels that are used
in different regions.

Table 2. Different formulations of commercial fuels containing biofuels [4, 6, 7, 9, 10, 13, 17–20].

Fuel Markets and applications

Methanol (M) Gasolines supplemented by methanol or 100% methanol are
commercialized in China; depending on the region, fuel mixtures range
from M5 to M100 with M15 being the national standard

Ethanol (E) In Brazil, Paraguay, Sweden and USA are sold gasolines supplemented
with bioethanol up to 85%. E25 is the standard blend in Paraguay and
Brazil. The EN 228 standard establishes the maximum limit of 10% vol.
of bioethanol for gasoline marketed in Europe

MTBE, ETBE MTBE and ETBE are used as gasoline additives at concentrations
typically lower than 20%

Vegetable oil (VO) VO is marketed as biofuel mainly in Germany. VO can be used pure in
adapted engines. Alternatively, VO can be used mixed with diesel

Biodiesel (B) Biodiesel can be used pure or mixed with diesel up to B20. The EN590
standard establishes the maximum limit of 7% vol. of FAME for diesel
sold in Europe

HVO HVO can be used pure (requires recalibration of injection systems) or
mixed with diesel

3 Alternative Fuels for SI Engines

Other alternative fuels produced by biological or thermochemical processes are being
proposed for gasoline partial or complete replacement in engines. Some of them may
be designated as biofuels as they are obtained from biomass while others are renewable
fuels with low carbon footprint, since they are produced from polymeric wastes. Table 3
shows some of these alternative fuels.

Butanol has some advantages over ethanol: higher energy content (33.1 MJ.kg−1

against 26.8 MJ.kg−1 of ethanol), less corrosion issues due to the presence of water,
lower vapor pressure [22]. Butanol also has molecular weight and physical and chemical
properties more similar to gasoline than those of ethanol.

Biobutanol can be produced from lignocellulosic biomass through advanced fermen-
tation processes, ABE (acetone-butanol-ethanol) or IBE (isopropanol-butanol-ethanol),
using bacteria of the clostridium genus [21, 28]. Separating butanol from the other com-
ponents in ABE or IBE mixtures is very expensive. Therefore, there is an interest in
studying these mixtures of ABE or IBE as a potential fuels for direct use in SI engines
[22]. More recently, the fermentation of sugars with genetically modified organisms



Binary and Ternary Mixtures for SI Engines: A Review 443

Table 3. Alternative fuels for SI engines.

Raw material Conversion
process

Fuel Functional groups Ref.

Biomass ABE or IBE
fermentation

ABE, IBE Mixture of alcohols
and ketone

[21, 22]

Biomass Fermentation Biobutanol Alcohol [21]

By-product of
alcoholic
fermentation

Distillation Fusel oil
(C5H11OH)

Alcohol [23]

Tire Pyrolysis Tire bio-oil (TPO) [24]

Plastic waste:
PS, PP, LPE,
HDPE

Pyrolysis Plastic bio-oil
(PPO)

Alkanes [25]

Pyrolysis,
distillation

Plastic bio-oil
distillate (DPPO)

[26]

Hard resin of
yang

Pyrolysis,
distillation

Gasoline-like fuel
(GLF)

[27]

able to convert them to butanol or isobutanol has been developed by companies such
as BUTMAX [29] or GEVO [30] creating an availability of this fuel at commercial
scale. Considering the properties of isobutanol and the ease of converting ethanol pro-
duction units to the production of isobutanol, it is expected that this biofuel will become
a hegemonic option for replacing gasoline.

Fusel oil is the least volatile fraction of the ethanol distillation process and contains
some residual ethanol and other alcohols with higher molecular weight, such as isoamyl
and isobutyl that are co-produced during the fermentation process. The proportions of
the alcohols in fusel oil depend on the raw materials used as source of fermentable
sugars, microorganisms and operational conditions [23].

Polymeric waste materials may be converted to hydrocarbon-rich bio-oils through
thermal and catalytic pyrolysis [31]. Pyrolysis bio-oils, obtained from various plastic
wastes, were distilled to isolate their lighter components and yielded liquid fractions
with similarities to gasoline, which may be used as a renewable and low carbon footprint
fuel since they are produced from wastes [32].

Yang’s resin is a mixture of simple and complex terpenes extracted, by the traditional
process of resin production, from the tree with the same name. The pyrolysis of Yang’s
resin reduces its viscosity decomposing its high molecular weight components to yield
a light bio-oil with energy content comparable to gasoline [27].

The performance of alternative fuels proposed for SI engines and the associated
exhaust emissions were evaluated by different authors using: pure fuels, binary mix-
tures with gasoline and ternary mixtures of two biofuels and gasoline. This review will
not include mixtures containing methanol, MTBE and ethanol because they have been
reviewed in previous works [33]. Table 4 reviews the behaviour of alternative fuels tested
pure in SI engines.
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Table 4. Alternative fuels tested pure in SI engines.

Fuels tested Effect of fuel on engine
performance

Effect of fuel on exhaust
gas emissions

Ref.

Fusel oil (F) General decline in torque
and brake thermic efficiency
(BTE). Increase in brake
specific fuel consumption
(BSFC)

CO and UHC emissions
increased 21 and 25%
respectively. NOx
decreased by 31%

[23]

Pyrolysis bio-oils distillates
from plastic waste (DPPO)

Comparable engine
performance and reduction
of fuel consumption for all
DPPO (PS, PP, LPE, HDPE)

All distillates except PS
bio-oil distillate produced
more CO. All distillates,
except PP bio-oil distillate,
produced more NOx

[32]

Pyrolysis bio-oils distillates
from hard resin of yang
(GLF)

GLF showed better results
than gasoline for torque,
BTE and BSFC

GLF had lower emissions
of CO and UHC and higher
emissions of NOx

[27]

DPPO have the particularity of being produced from fossil waste, therefore, the
energy recovery of these wastes for the production of fuels is a more sustainable solution
than landfilling deposition or incineration.

Other alternative fuels for SI engines were tested in the form of binary mixtures with
gasoline (Table 5).

The results presented in Tables 4 and 5 indicate that alcohols continue to be the most
tested biofuels for gasoline replacement in SI engine tests. There is a growing interest in
the use of C3 or C4 alcohols such as propanol, isopropanol, butanol or isobutanol due to
their higher energy content, lower hygroscopicity and similar properties to gasoline [34,
35, 38–41, 43, 44]. As their production from renewable sources is achieving a higher
degree of technological maturity, the choice of C3 or C4 alcohols for SI engines requires
validation to definemaximum incorporation rates, need of engine adaptations, associated
emissions, among other data that support transition to their use at commercial scale.
Using mixtures of alcohols with gasoline usually resulted in a decrease of CO and UHC
emissions due to a higher oxygen-to-fuel ratio that favors complete oxidation of the fuel
components but also caused an increase inNOx emissions. Alcohols also produce greater
volume of combustion products than gasoline (called the “alcohol bonus”) leading to
greater expansion work resulting in higher overall engine efficiency than expected [1].

The performance and emissions of SI engines fed with mixtures of C3 or C4 alcohols
and gasoline were comparable to those of gasoline or even showing slight improvements,
what suggests that these blends are suitable for use in unmodified SI engines [35, 43,
44]. Nevertheless, some differences in the data obtained by different authors that tested
mixtures of gasoline with butanol or isobutanol, suggest that further tests should bemade
to clearly define the effects of such biofuels in engine behaviour and exhaust emissions
[38, 39].
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Table 5. Alternative fuels tested in the form of binary mixtures with gasoline and compared with
pure gasoline, in SI engines operated in equivalent conditions.

Binary mixtures tested Effect on engine
performance

Effect on exhaust gas
emissions

Ref.

Gasoline + isopropanol
(iP)
iP10 to iP30 blends

iP increased the pressure in
the cylinder, the rate of
heat release and BTE

iP increased NOx
emissions and decreased
CO and UHC emissions

[34]

Gasoline + propanol (P)
P5 to P20 blends

P15 stood out among the
mixtures tested, with
torque up to 3.6% and
BSFC up to 2.8%

Propanol blends reduced
CO and UHC emissions by
10.9 and 14.2%
respectively and increased
NOx emissions

[35]

Gasoline + IBE +W
(water)
IBE9W1 blend

The blend IBE9W1 had
higher BTE than 100%
gasoline

The blend IBE9W1 had
lower emissions of CO,
NOx and BTX (benzene,
toluene and xylene) but
higher UHC emissions

[22]

Gasoline + acetone (A) A10 blend improved power
gains (5.2%), torque
(2.1%) and volumetric
efficiency (3.2%) relatively
to 100% gasoline

A10 blend reduced CO
emissions by 43% and
UHC by 33% relatively to
100% gasoline

[36]

Gasoline + ABE
ABE30(6:3:1),
ABE30(3:6:1) blends

ABE30(6:3:1) blend
reduced emissions of
UHC, CO, benzene and
1,3-butadiene
ABE30(3:6:1) blend
reduced emissions of
xylenes

[37]

Gasoline + ABE + W
(water)
ABE29W1 blend

ABE29W1 blend increased
engine torque (3.1–8.2%)
in comparison with
gasoline

ABE29W1 blend reduced
CO (9.8–35.1%), UHC
(27.4–78.2%) and NOx
(4.1–39.4%) emissions
relatively to gasoline

[21]

Gasoline + isobutanol
(iB)
iB5 to iB15 blends

Isobutanol blends had
lower cylinder pressure and
lower heat release rate than
gasoline

Isobutanol blends
decreased emissions of
CO, UHC and NOx by 7.1,
13.7 and 19.8%
respectively relatively to
gasoline

[38]

(continued)
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Table 5. (continued)

Binary mixtures tested Effect on engine
performance

Effect on exhaust gas
emissions

Ref.

Gasoline + n-butanol (B)
B10 to B30 blends

Butanol blends increased
maximum pressure in the
cylinder proportionally to
its content in the fuel blend

Butanol blends had lower
CO and UHC emissions
but higher NOx emissions
than gasoline

[39]

Gasoline + n-butanol (B)
B20 and B40 blends

Butanol blends decreased
torque and BTE and
increased BSFC

Butanol blends had
slightly lower emissions
for UHC and NOx

[40, 41]

Gasoline + fusel oil (F)
F10 to F30 blends

F30 blend had the highest
increase in torque (3.4%)
and BSFC (+7.7%)

Fusel oil blends had lower
NOx emissions and higher
UHC and CO emissions

[42]

Gasoline + fusel oil
without water (F)
F50 blend

F50 blend had lower torque
and BTE and higher BSFC
than gasoline

CO and UHC emissions
increased and NOx
decreased in relation at
gasoline

[23]

Gasoline + tires pyrolysis
bio-oil (TPO)
TPO10 to TPO100 blends

TPO blends up to 60% did
not degrade engine
performance

TPO blends up to 60% did
not increased CO, UHC
and NOx emissions.
Desulfurization of TPO is
advised

[24]

Gasoline + plastics
pyrolysis bio-oil (PPO)
PPO15 blend

PPO15 blend decreased
BSFC and BTE by 4.1 and
9.4% respectively

PPO15 blend decreased
CO emissions by 9.7% and
increased UHC and NOx
emissions by 52.6 and
24.2% respectively

[25]

Gasoline + plastics
pyrolysis bio-oil distillate
(DPPO)
DPPO10 to DPPO50
blends

DPPO50 blend increased
engine BTE by 19% and
decreased BSFC by 26.8%

DPPO blends increased
CO and NOx emissions by
70 and 60% respectively
and UHC decreased by
43.6% in relation at
gasoline

[26]

The intermediate fermentation products ABE and IBE that incorporate some water
content showed a good potential be used as alternative fuels, due to their good perfor-
mance and lowemissions [21].Dehydration to eliminatewater or further distillation steps
to isolate butanol from the ABE and IBE mixtures is therefore unnecessary. Mixtures of
gasoline with ABE also reduced unregulated engine emissions.

The presence of water in fusel oil negatively affected engine performance and emis-
sions [45]. To avoid this negative effects, fusel oil should be dehydrated and ignition
must be optimized to the fuel characteristics [23].

The plastics pyrolysis bio-oil (PPO), like other pyrolysis bio-oils, contains heavier
compounds that are more difficult to evaporate and burn, causing inefficient combustion.
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Distillation of PPO allows to separate this heavier organic fraction and solid residues
from the light organic fraction with much better fuel properties [26]. The only drawback
of the DPPO is the increment of NOx emissions as observed for all oxygenated fuels.

Since the replacement of gasoline by a single biofuel or biofuel type may improve
some aspects of fuel performance and exhaust emissions but negatively affect others, the
use of ternarymixtures of gasoline and two different biofuels has been tested by different
authorswith the purpose of achieving optimal combustion conditions by combining fuels
with different chemical composition and properties (Table 6).

Table 6. Alternative fuels incorporated in ternary mixtures with gasoline in SI engines.

Ternary mixtures tested Effect on engine
performance

Effect on exhaust gas
emissions

Ref.

Gasoline + methanol (M) +
fusel oil (F) without water
M15F1, M15F3 blends

The characteristic curves
(torque, BSFC, BTE)
produced by mixtures
M15F1 and M15F3 were
comparable to those of
gasoline

CO, UHC and NOx
emissions of the M15F1
and M15F3 blends were
identical to those of
gasoline

[46]

Gasoline (G) + ethanol (E)
+ methanol (M)
GEM blends

GEM has the same
stoichiometric air-fuel ratio
as the E85 (9.7: 1) and can
be used as an alternative to
E85 that has limitations on
cold starting

[47]

Gasoline + plastic pyrolysis
bio-oil (PPO) + ethanol (E)
PPO15E5 blend

PPO15E5 blend caused a
7.2% increase of BSFC and
a 0.4% decrease of BTE
relatively to gasoline

PPO15E5 blend had lower
CO and NOx emissions
(24.1% and 0.4%,
respectively) and 28.5%
higher UHC emissions
relatively to gasoline

[25]

The addition of dehydrated fusel oil to a gasoline-methanol mixture allowed to
explore the co-solvent function of fusel oil whose physical-chemical properties are
intermediate between gasoline and methanol.

In somemarkets, is available a mixture of three fuels: gasoline, ethanol andmethanol
(GEM), in which ethanol is added as a co-solvent for gasoline and methanol. GEM
has the same stoichiometric air/fuel ratio (AFR = 9.7:1) as the E85 but it has some
advantages namely the ease of cold starting [47]. The high volatility and low viscosity
ofmethanolmay have advantages regarding the behavior of fuelmixing in the engine, but
this alcohol also presents significant differences from gasoline, that is, high polarity and
hygroscopicity that can lead to incomplete mixing of binary mixtures. Higher alcohols
can be added as stabilizing agents to improve fuel homogeneity and ethanol or propanol
are the best candidates as butanol or other alcohols with higher molecular weight are too
different from methanol to efficiently play the role of co-solvent [48].
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With the addition of ethanol to the mixture of gasoline + bio-oil from plastic pyrol-
ysis (PPO), engine performance was improved and NOx emissions were marginally
controlled. Gasoline and PPO are perfectly miscible, but the higher density and viscos-
ity of PPO had a negative impact on engine performance. The addition of ethanol not
only attenuated the aforementioned properties but also increased the local availability
of oxygen, improving combustion efficiency [25].

4 Conclusions

Biofuels have differences, in chemical structure and composition, in relation to the
reference fossil fuels that directly affect their engine performance and exhaust emissions.

The partial or complete replacement of gasoline by renewable alcohols and ethers
improves the fuel OI and reduces CO and UHC emissions. These reductions in CO and
UHC are transversal to all biofuels, due to the presence of oxygen in their composition
a characteristic that improves local availability of this oxidant element therefore leading
to a more complete combustion of the fuel components.

Fuels derived from plastic waste and tires are more similar to gasoline than alcohol
biofuels, thus they could be used pure orwith higher incorporation rates in the SI engines.
Inefficient combustion and increase of NOx emissions maybe negative impacts of the
use of these biofuels, suggesting that their integration in ternary blends may contribute
to optimize their performance.

The behaviour of pure GLF outperformed gasoline in terms of engine behaviour
(higher torque and thermal efficiency and lower specific consumption) and exhaust gas
emissions (lower CO and UHC) although increasing NOx emissions.

Propanol, IBE, acetone, ABE, butanol, fusel oil and distillates from tire, plastic and
resin pyrolysis bio-oils are alternative renewable fuels that show a high potential to
effectively replace gasoline, totally or partially, in the form of binary or ternary blends
in order to promote a more sustainable use of SI engines.
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Abstract. The prevailing system of governance of the water, energy and food
sectors is characterized by siloed law, policy and institutional structures, frustrat-
ing the transition to a more sustainable approach to resource governance. The
past decade saw the emergence of the Water, Energy and Food Nexus (‘WEF
Nexus’), an approach promoting the coordinated management and governance
across sectors and scales, thereby responding directly to the complex and insepa-
rable interactions and interdependencies between water, energy and food systems.
Achieving coordinatedgovernanceofWEF resources is a challengingundertaking,
one that cannot be effectively operationalized if it not endorsed and implemented
through law and policy. Yet, as this paper shows, the law and the legal discipline
have, until now, been largely absent from consideration within the WEF Nexus
literature.Without understanding what characteristics require reflection within the
legal and policy framework to support its operationalization, theWEFNexus shall
remain but a theoretical ideal.

Through a structured literature review of 39 records, this paper identifies the
necessary characteristics of a regulatory framework that supports the operational-
ization of the WEF Nexus. An approach to mapping existing water, energy and
food regulatory systems is then designed such that the researcher may determine
the extent to which an existing regulatory system reflects the nexus characteristics.

This paper thus argues that the WEF Nexus cannot mature as a concept with-
out taking bold steps towards reaching an understanding of how the Nexus can
be applied in practice, which in turn requires the consideration of existing reg-
ulatory frameworks. By identifying common characteristics of a nexused gover-
nance framework as discerned from existing literature, this research takes a first
step towards developing a shared understanding of how the WEF Nexus can be
operationalized through the law.

Keywords: WEF Nexus · Law · Coordinated governance · Resource
management

1 Introduction

The Water, Energy and Food Nexus (‘WEF Nexus’), though having previously gained
some degree of scholarly interest [6, 12, 18], burst onto the academic stage in earnest
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in 2011 following The Water Energy and Food Security Nexus—Solutions for the Green
Economy conference held in Bonn [4, 15]. The widely cited background paper to the
conference introduced the WEF Nexus as an approach that ‘integrates management and
governance across [WEF] sectors and scales’, thereby moving away from the conven-
tional siloed approach [7]. The potential of the WEF Nexus therefore lies in its pro-
motion of coordinated governance frameworks, which respond directly to the complex
and inseparable interactions and interdependencies between water, energy and food. To
understand the potential value of theNexus, these interdependencies are broadly outlined
here.

In the most simplistic sense: the generation of electricity and the production of food
both utilize large quantities of water, with agriculture utilizing 70% of the worlds fresh
water supply [5]. Energy is, in turn, required to transport and treat drinking water and
to filter wastewater for reuse or safe release into the environment [5]. Simultaneously,
climate change places additional stress on food andwater supply, which is further exacer-
bated by the excessive use of carbon fuels in energy production [5]. As such, the actions
of, and the constraints imposed within, one sector (energy, water or food) directly impact
the other sector(s) owing to cross-sectoral interdependence.

This interdependence is equally reflected at policy level: the policy objectives in one
sector are either the preconditions for the realization of another sector’s objectives or,
alternatively, the policies of one sector constrain or impose conditions on what may be
achieved in another sector [15, 19]. InWEFNexus terms this amounts to a manifestation
of cross-sectoral interdependence within the policy realm.

As such, when viewed as an analytical framework, academics involved in the devel-
opment of the WEF Nexus view it as a lens through which we may identify and under-
stand synergies and trade-offs within both physical WEF systems and WEF related
policy. The WEF Nexus thereby aids in improving the governance of WEF resources
towards achieving more resilient systems. TheWEFNexus has, however, been criticized
for being nothing more than a buzzword, absent of practical applicability [3]. However,
in moving from theoretical ideal to implementable framework, law and policy must be
considered within nexus discourse. This is because the provision of water, energy and
food constitutes a policy realm that is firmly entrenched within existing governing legal
texts of statutes and sectoral regulations. Furthermore, the management of water, energy
and food systems – particularly when striving for greater coordination in the face of
perceived siloism – is nuanced and complex, largely because it involves multiple actors
spanning different governance scales.

As such, informal social norms, though powerful, cannot sufficiently ensure appro-
priate degrees of coordination as is required by theWEF Nexus approach, nor can social
norms adequately confront the challenges associated therewith. Though to a lesser extent,
official policy proclamations can also not perform the task of hard law. After proceeding
on a similar line of analysis, albeit in a different but related theoretical context, Ruhl
argues that-

no new theory of how to do things in environmental and natural resources man-
agement, particularly one that challenges entrenched ways of doing things and the
interests aligned around them, is likely to gain traction in practice if it cannot gain
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traction in the form of endorsement and implementation through specific laws and
regulations [14].

Similarly, as illustrated by Allan et al., implementing new approaches aimed at
ensuring sustainability and/or resilience of resource systems is only effective where
supported by adequate regulatory regimes [1]. Thus,without adequate procedural, rights-
based or other legal mechanisms for enforcing implementation, the operationalization
of the particular framework or approach will stall. Without taking legal considerations
into account, there is little hope for the WEF Nexus approach to effectively move from
the realm of academic theory to that of practice.

Of further importance in this regard is the need to tailor the translation from theory
to law to the political, social and legal culture of the jurisdiction within which the WEF
Nexus is being operationalized. Without a thorough understanding of the content, scope
and operation of the applicable statutes and regulations within a particular jurisdiction,
the existing regulatory barriers to WEF Nexus implementation cannot be foreseen and
resolved. This understanding is best achieved by mapping the legal regime regulating
WEF resources of a particular jurisdiction to identify the existing barriers and untapped
capacities that have the potential to hinder or promote WEF Nexus operationalization.

However, prior to mapping a legal regime, it is necessary to understand what charac-
teristics theWEFNexus requires reflected therein to promote coordination across sectors.
To this end, a structured literature review is conducted to extract the necessary charac-
teristics of a “nexused” regulatory framework that supports coordination across WEF
sectors. An approach to mapping existing water, energy and food regulatory systems is
then proposed such that the later research may apply this methodology to determine the
potential in law to reflect a coordinated approach to WEF resource management.

2 Methodology

As a starting point, this review draws on previous work that I completed alongside
Buijze and Malan [2] in which a systematic literature review was conducted based
on the PRISMA Statement methodology developed by Moher and others [13]. The
primary aim of PRISMA is to ensure that the systematic literature review is conducted
objectively, with each decision taken by researchers made explicit, such that the review
can be replicated and thus may be checked for validity and reliability.

The aim of the reviewwas to collect and review the top 20% of literature (determined
by citation number) published in the English language within peer reviewed journals on
the Google Scholar database from 2011 (being the year of the seminal “The Water
Energy and Food Security Nexus—Solutions for the Green Economy” conference) up
to and including June 2021 (being the month immediately prior to the literature being
collected) [2]. The Google Scholar database was searched using the key words “water”,
“energy”, “food” and “nexus” in all possible combinations, resulting in 3634 records
being collected. Duplicates were then removed and screening and eligibility criteria were
applied.

Screening criteria required that the record be in the English language, and published
in a peer reviewed journal from 2011 up to and including 2021. Eligibility criteria
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required that all three spheres of the nexus be addressed in the record, thus those records
focusing for example only on a “water energy nexus” or on a “water, energy, food
and coal nexus” were excluded. Following screening, 208 records were included in the
review. These 208 records thus represent the top 20% of WEF Nexus studies published
between 2011 and 2021 judged according to citation number (Fig. 1).

Fig. 1. Results of record collection and screening process according to PRISMA methodology

For the purposes of the present review, I then re-screened each of the 208 abstracts
and applied additional eligibility criteria, selecting only those records that, at face value,
examined the regulatory, governance, and/or political aspects of the WEF Nexus. This
resulted in the selection of 55 records. I then embarked on a detailed and complete
reading of each record, resulting in the further exclusion of 16 records for failing to meet
the aforementioned eligibility criteria, 39 records thus being included in the final review.

In an EXCEL spreadsheet, the characteristics identified within each record were then
recorded alongside the year of publication, updated citation number as of 1 October
2021, the field of study of the research, the definition of the WEF Nexus given, and the
methodology adopted in the research. From this data, the ‘common characteristics’ –
namely those characteristics identified by two or more records – were identified, the
results of which are presented and discussed below.

3 Results

Of the 208 records screened for inclusion in this review, only two were from the field
of law with research having been conducted that directly considered the legal aspects
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Table 1. Summary of disciplinary field of articles included in review

of the WEF Nexus (see Table 1). Those records originating from a disciplinary field
other than law either failed to consider or acknowledge legal aspects of the WEF Nexus
altogether, or observed a need for legal considerations more generally [11] but did not
further the enquiry beyond mere observation. This demonstrates the absence of legal
considerations in prevailing WEF Nexus discourse.

This notwithstanding, the literature did sufficiently develop the Nexus from a gov-
ernance perspective, identifying those characteristics necessary in promoting coordina-
tion in WEF systems of governance. Taking an interdisciplinary perspective, the legal
field may draw on the characteristics identified as necessary for effective governance
and translate this into applicable legal mechanisms. Where a legal mechanism reflects
the characteristics that non-legal fields identify as necessary for promoting coordinated
resource management, such legal mechanism should serve as an example of a means
of promoting coordination through law. In this way the first step towards nexus opera-
tionalization is taken, by identifying the kinds of legal mechanisms that promote WEF
coordination in the manner envisaged by WEF Nexus proponents.

With this in mind, the characteristics identified in this literature review can be pre-
sented. Table 2 gives an overview of the results of the review, including a specification
of the number of records per disciplinary field that identified a particular characteristic.
A total of twenty characteristics were identified within the literature. Though there was a
degree of variance in the terminology used in describing the characteristics – for example
“bridging mechanisms” verses “cross-cutting mechanisms” – the variance was small,
and the terminology was largely consistent. The most prevalent characteristic identified
was the requirement of horizontal/cross-sectoral coordination, which was considered a
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necessary element of a nexused regulatory framework in 44% of the records reviewed.
The least prevalent characteristics were (predictably) those directly referencing legis-
lation with the requirement for consideration of inter-sectoral issues within legislation,
and for localized over generalized legislation and planning identified in only 3 of the 39
records.

The nature of the characteristic(s) identified within a particular record depended
largely on the nature and focus of the specific research. This serves as one explanation
for why no single characteristic was identified by amajority of records within the review.
A second explanation for this is that no record had as its primary aim the identification of
the necessary characteristics of a nexused regulatory framework. Instead, such charac-
teristics arose within the discussion of the particular research question explored within

Table 2. Overview of characteristics necessary in promoting a nexused approach to WEF
governance

Field of Study of Article
Characteristic Identified in Literature

Gov SS ES I/T Law PS UC Total
horizontal / cross-sectoral coordination 5 2 4 2 1 3 17
incentives for nexused decision making and/or 
implementation of practices 5 1 5 1 2 14
policy coherence 4 1 4 1 2 12
inter-sectoral cooperation / information sharing 5 1 3 1 1 11
long-term planning (policy approach/objectives) 
with short term goals and (flexible) planning 3 1 5 2 11
multi-stakeholder engagement (more broadly 
stated - no specific moment designated) 3 1 3 1 2 10
integrated / inter-sectoral policy / policy making 3 1 3 1 1 1 10
effective institutional structure to facilitate coordi-
nation across sectors 3 4 1 1 1 10
public participation / participatory processes or 
mechanisms 5 1 1 2 9
reliable and consistent data collection in order to 
clarify interactions and design incentives / nexus 
approaches 4 3 1 1 9
constant monitoring (either of targets/goals or of 
impacts) 3 2 1 1 7
sufficient budgetary and financial planning to 
implement nexus initiatives 3 2 1 6
bridging / cross-cutting mechanisms 2 2 1 1 6
decentralized / localized decision making and 
nexus implementation 2 1 1 1 1 6
science-based policy making 1 2 1 1 5
flexibility in decision making 2 1 1 4
harmonization of sectoral goals / targets / objec-
tives 3 1 4 
clarify rights and responsibilities across sectors 1 1 1 1 4
consideration of inter-sectoral issues within legis-
lation 2 1 3
localized over generalized legislation and planning 1 1 1 3
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any given record, and this review extrapolated such characteristics from the general dis-
cussion. It is for this reason that a systematic literature review based on the PRISMA
methodology was elected such that this review may be reproduced in case it is necessary
to test for validity of results.

It should be borne in mind that these results serve as a first step towards formulating
the common characteristics of a nexused regulatory framework. It is not the intention
or submission of this research that the characteristics identified within this literature
review constitute a conclusive, comprehensive and authoritative list. Given that this
exercise is a novel one within the WEF Nexus literature, and further that legal and
political considerations of the nexus remain in their infancy, it is hoped that this review
may serve as inspiration for further research that aims to develop, inmore concrete terms,
how the Nexus may be applied to regulatory frameworks governing WEF sectors.

4 Discussion

4.1 Analyzing the Characteristics Promoting a WEF Nexus Approach
to Resources Management

What becomes immediately clear upon a first reading of the identified characteristics
is that they are broadly and normatively stated. This reflects the absence of concrete
proposals within the existing literature on how the nexus can be applied to existing
governing frameworks. Instead, the literature presents an almost idealized perspective
in which the WEF Nexus is utilized as a means of constructing a ‘best case’ alternative
to existing siloed governance structures, absent of practical proposals for ‘real-world’
implementation. However, this is not in and of itself problematic.

Instead, theorizing an ideal application of a WEF Nexus approach to WEF resource
governance is a necessary initial process of academic and scientific creativity that
becomes problematic only when it continues in such a vein ad infinitum. This initial
process is particularly important where an alternative to the prevailing status quo is
being sought, requiring innovative thinking theorizing the ideal governance structure.
However, there must reach a point in which this innovatory theory is consolidated and
translated into more realistic and practically applicable terms. Given that a decade has
passed since the WEF Nexus conference in Bonn and the subsequent sharp uptake in
focused research on the topic, the time for more practical translations of the Nexus has
come.

This notwithstanding, given that the Nexus requires a jurisdictionally specific and
tailored approach, the translation from theory to practice cannot necessarily be a sin-
gular endeavor with subsequent universal application. Instead, what is required is the
consolidation of the characteristics of a nexused governance framework to serve as a
guideline for the class of features required within the regulatory framework in order to
operationalize the Nexus. Thereafter, research focused on a specific jurisdiction is nec-
essary to determine more precisely what mechanisms are required in practice taking into
account the regulatory and political landscape as well as the prevailing socio-economic
realities shaping the extent to which certain mechanisms are realistically implementable.

Therefore, although the normatively framed characteristics require translation to
practically implementable mechanisms, such a translationmust be tailored to the context
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in which the Nexus is being applied. This jurisdictional specificity required may also
contribute an explanation as to why characteristics within the literature have, until now,
remained broadly and normatively stated.

Beyond the normativity of the characteristics identified, it is also interesting to
observe that the listed characteristics do not raise any entirely new ideas within the
realm of governance research. In fact, strong similarities can be drawn with the charac-
teristics of adaptive governance [9, 10], risk governance [21], good governance [17], and
reflexive governance [20]. However, the existence of parallels does not necessitate the
conclusion that the WEF Nexus approach to governance is not sufficiently novel to war-
rant consideration, nor that it is simply a reproduction of existing approaches wrapped
in new terminology. Instead, such similarities represent a wider consensus within the
Social Sciences on what is required within a governance framework in order to promote
resilient and/or sustainable management of resources.

The Nexus approach, though sharing many characteristics of alternative governance
approaches, is distinguishable by its foregrounding of the interlinkages existing between
WEF sectors and the need for the regulatory framework to not only account for but also
reflect such interlinkages. This results in priority given to coordination, cooperation
and information sharing across WEF sectors as core characteristics of the requisite
governance framework.

Furthermore, the characteristics identified are to a large extent complementary. If
read together they promote, as a best-case scenario, a framework that prioritizes strong
horizontal coordination between departments such that sectoral goals and incentives
are aligned across departments and decision making is collaborative with open chan-
nels for information sharing across sectors and scales. Importantly, a reading of these
characteristics in this way does not necessarily imply a call for greater degree of integra-
tion. Instead, what is required is mechanisms promoting inter-sectoral collaboration,
coordination and cohesion, the precise degree of which should be determined by the
existing institutional and regulatory landscape of a particular jurisdiction.

By way of example, achieving a high level of coordination may be impractical
in a Sub-Saharan African context where institutional capacity is limited, but a more
realistic endeavor in a more developed western-European context. Thus, the degree
of coordination encouraged by the nexused governance approach should be viewed as
a sliding scale, the precise positioning on the scale between higher or lower levels of
coordination being dependent on the jurisdictional and institutional realities of the region
of application.

This systematic literature review has thus provided a first step towards formulating
the common characteristics of a nexused regulatory framework. Additionally, the results
and discussion thereof serve as a basis for which this research may move forward in
mapping the existing law governing the WEF sectors.

As has been emphasized in the discussion herein, translation from theory to practice
requires a jurisdictionally specific and tailored approach. It is for this reason that I have
not at this stage proposed definitivemechanisms thatmay promote a nexused governance
framework in a general sense. Instead, using the characteristics identified in this review
as a guideline, the existing regulatory system of a particular jurisdiction can be analyzed
to determine to what extent and in what way these characteristics are already reflected
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within the jurisdiction, the converse ofwhich gives insight into the aspects of that existing
regulatory framework thatmay present barriers to achieving nexused governance ofWEF
sectors.

4.2 A Methodology for Mapping the Potential for Existing Regulatory
Frameworks to Promote the WEF Nexus Approach to Resource Governance

Methodological Design. The difficulty in mapping the legal framework shaping the
governance of WEF resources is the sheer volume of legal instruments that may fall
within the scope of the review. The extent of the review will thus hinge on the capacity
of a research project. As a minimum, however, the core or steering legislation within
each WEF sector respectively should be analyzed.

As a general guideline, legislation and policy designating technical requirements,
for example technical standards for water storage or food safety and labeling require-
ments, need not be included within the review. Priority should be given to legal instru-
ments regulating theWEF sectors with potential to promote cross-sectoral coordination,
namely instruments regulating decision-makingwithinWEF sectors;WEF service deliv-
ery and end-use of the resource(s); and infrastructure planning and management ofWEF
resources. This is not to say that technical standards do not represent an area of law with
the potential to promote coordination, but rather that given the breadth of legislation
applicable to WEF sectoral regulation, certain scoping decisions may be necessary and
technical specifications represents a class of legislation reasonably excludable.

Additionally, an analysis of sectoral legislation should be conducted against the
backdrop of applicable overarching legislative frameworks, such as within the branches
of administrative and constitutional law, which shape the exercise of public power.
Other overarching areas of law that may be applicable include regulatory instruments
providing for environmental conservation and/or environmental management, disaster
management, and land use planning laws.

Once the legislation of the analyzed jurisdiction is selected, each document should
be reviewed, identifying legal mechanisms that either reflect or have the effect of pro-
moting one or more of the characteristics identified herein. In this way, the identified
characteristics help to guide the researcher in recognizing untapped potential within the
law to promote a nexused approach to WEF governance.

This methodology is applied to map the overarching administrative law applicable
to the regulation of public powers in the South African legal context as a mini-case
study analysis to illustrate how the identified characteristics may be useful in informing
an enquiry into the extent to which existing legal frameworks facilitate the operational-
ization of the WEF Nexus. Indeed, the wider the legislative review, the more reflective
the findings of the potential barriers and untapped capacities within the existing legal
system. As such this mini-case study serves only to illustrate the application of this
methodology and the of the characteristics identified within the above literature review.

South African Administrative Law as a Case Study. I begin by selecting the appli-
cable regulatory instrument to include within the review. The regulatory instrument’s
selection is thenmotivated, followedby a brief summary of themost important provisions
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identified within, given that such provisions reflect one or more of the characteristics
identified as promoting a WEF Nexus approach to resource governance.

Since South Africa is a constitutional democracy, the most important legislative
instrument is the Constitution of South Africa [22] and is thus a clear starting point for
the review. The Constitution establishes the overall framework for the exercise of public
power, the most important sections in this regard being Sections. 33 and 195. Section 33
establishes a right to just administrative action that is ‘lawful, reasonable and procedu-
rally fair’ (Section 33(1)), and obligates government to enact legislation giving effect to
this right (Section 33(3)). Section 195 sets out the basic values and principles governing
public administration which includes requirements for the public administration to pro-
mote the ‘[e]fficient, economic and effective use of resources’ (Section 195(1)(b)); the
impartial, fair, equitable and unbiased provision of services (Section 195(1)(d)); and the
participation of the public in policy-making (Section 195(1)(e)). Any legislation enacted
that regulates public administration must, per Section 195(3), promote these principles
and values.

The law giving effect to the Section 33 right, and that complies with the Section 195
principles and values, is the Promotion of Administrative Justice Act [24] (‘PAJA’).
Given that the Constitution requires its enactment, PAJA is clearly required within the
legislative review.

PAJA is a law of general application. This means that it applies to and binds the
entire government administration across all spheres (national, provincial and local), and
further that it does not grant powers to administrators but instead provides how the
powers given to administrators by other laws must be exercised. PAJA sets out in detail
what steps must be taken by public officials for administrative action to be considered
lawful, reasonable and procedurally fair (Sections 3 and 4). The Act further empowers
individuals to take a public decision/action on review in court (Sections 6 and 7), and/or
to request reasons for the public decision/action (Section 5).

Furthermore, for administrative action affecting the public to meet the threshold
of procedural fairness, PAJA requires the public official hold a public enquiry and/or
a notice and comment procedure thereby entrenching participatory process into the
public decision-making procedure. This applies regardless of whether the applicable
sectoral legislation requires participatory process or not. Procedural fairness is thus con-
cerned with participation in decisions that affect an individual’s rights and/or legitimate
expectations [8].

The final legislative instruments selected for review were the Intergovernmental
Relations Framework Act [23] (‘IRF Act’), Intergovernmental Fiscal Relations Act [24]
(‘IFR Act’), and The Local Government: Municipal Systems Act [26] (‘MS Act’). This
trio of legislation was selected given that it collectively regulates and co-ordinates the
relations across the three scales of government and promotes a system of cooperative
government. The promotion of co-ordination across scales is directly relevant given that
WEF sectors are differently organized across all levels of government. Co-ordination is
promoted within this legislation through-
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– mandated consultation across spheres and organs of government when conduct-
ing affairs and/or drafting and implementing legislation and policy (for example
Sections 5(b), 5(e), and 36 of the IRF Act);

– established intergovernmental consultative forums or bodies (for example Sections 6
and 16 of the IRF Act, and Sections 2, 3 and 5 of the IFR Act), and the corelating legal
obligation to actively participate in these intergovernmental structures (Section 5(f)(i)
IRF Act);

– the legal obligation for co-ordination across government scales and departments when
implementing legislation and/or policy (Section 5(c) IRF Act) in order to promote
coherence in governance across spheres (Section 4(a) IRF Act);

– the legal obligation to cooperate with information sharing requests across government
scales (Sections 5(e)(i) and (ii) IRF Act);

– the empowerment of organs of state to enter into an implementation protocol that
defines ‘the roles and responsibilities of each organ of state in implementing policy,
exercising the statutory power, performing the statutory function or providing the
service’ (Sections 35 IRF Act); and

– the requirement that planning undertaken by a municipality be aligned with and com-
plement ‘the development plans and strategies of other affected municipalities and
other organs of state’ (Section 24(1) of the MS Act).

An important finding is thus made: the administrative law shaping the governance
of WEF sectors in South Africa reflects a number of the nexus characteristics and the
existing legalmechanisms hold potential to promote a coordinated governance approach.
However, this coordinated approach is more strongly applied across scales than across
sectors. Sectoral legislation thus needs to be examined to determine if sectoral coor-
dination is promoted therein. Importantly, despite an presence of mechanisms actively
promoting intersectoral coordination, no significant legal barriers were found in the
administrative law framework that prevent this from being pursued. This represents an
area of potential for future legal development. A more detailed discussion of this poten-
tial, however, must be deferred to a later extensive review, following the completion of
the analysis of the sectoral legislation and policy.

5 Conclusion

The above analysis has clearly demonstrated an absence of legal considerations within
prevailingWEFNexus literature. Given thatWEFgovernance is embeddedwithin exten-
sive regulatory frameworks, legal considerations within WEF Nexus discourse are nec-
essary to enable its operationalization as an approach to resource governance. A first step
in this regard is to acknowledge what characteristics require reflection within prevailing
regulatory frameworks in order to promote a nexused approach to WEF governance.
Having identified 20 characteristics within prevailing literature, it is important to map
the regulatory regime shaping the governance of WEF resources in a particular jurisdic-
tion to determine the extent to which such characteristics are already reflected. This in
turn generates insight into what aspects of the prevailing legal system hold potential to
promote a coordinated governance approach, and what aspects may present barriers to
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implementing such an approach and thus require targeted legal reform. In this way, this
paper has taken a first step towards developing a shared understanding of how the WEF
Nexus can be operationalized through the law.

Appendix: Articles included in systematic review (n = 39)

AUTHOR(S) TITLE YEAR CITATION
01/10/2021

Field of study

1 Allouche, J;
Middleton, C;
Gyawali, D

Technical Veil,
Hidden Politics:
Interrogating the
Power Linkages
behind the Nexus

2015 196 Political Science

2 Artioli, F; Acuto,
M; Mcarthur, J

The
water-energy-food
nexus: An integration
agenda and
implications for
urban governance

2017 89 Political Science

3 Bhaduri, A. and
Others

Sustainability in the
water-energy-food
nexus

2015 97 Governance

4 Bréthaut, C.;
Gallagher, L.;
Dalton, J.;
Allouche, J

Power dynamics and
integration in the
water-energy-food
nexus: Learning
lessons for
transdisciplinary
research in Cambodia

2019 26 Interdisciplinary

5 Cairns, R.;
Krzywoszynska,
A

Anatomy of a
buzzword: the
emergence of ‘the
water-energy-food
nexus’ in UK natural
resource debates

2016 217 Governance

6 Daher, B. and
Others

Towards bridging the
water gap in Texas: A
water-energy-food
nexus approach

2019 39 Governance

7 de Andrade, G.
and Others

A literature-based
study on the
water–energy–food
nexus for sustainable
development

2021 20 Sustainability
Studies

(continued)
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(continued)

AUTHOR(S) TITLE YEAR CITATION
01/10/2021

Field of study

8 Foran, Tira Node and Regime:
Interdisciplinary
Analysis of
Water-Energy-Food
Nexus in the Mekong
Region

2015 110 Critical social
sciences

9 Howarth, C.;
Monasterolo, I

Opportunities for
knowledge
co-production across
the
energy-food-water
nexus: Making
interdisciplinary
approaches work for
better climate
decision making

2017 84 Interdisciplinary

10 Howarth, C.;
Monasterolo, I

Understanding
barriers to decision
making in the UK
energy-food-water
nexus: The added
value of
interdisciplinary
approaches

2016 141 Governance

11 Kaddoura, S; El
Khatib, S

Review of
water-energy-food
Nexus tools to
improve the Nexus
modelling approach
for integrated policy
making

2017 109 Uncategorized

12 Keskinen, M. and
Others

The
Water-Energy-Food
Nexus and the
Transboundary
Context: Insights
from Large Asian
Rivers

2016 100 Political Science

(continued)
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(continued)

AUTHOR(S) TITLE YEAR CITATION
01/10/2021

Field of study

13 Kurian, M The
water-energy-food
nexus: trade-offs,
thresholds and
transdisciplinary
approaches to
sustainable
development

2017 206 Governance

14 Kurian, M. and
Others

One swallow does
not make a summer:
Siloes, trade-offs and
synergies in the
water-energy-food
nexus

2019 26 Environmental
Science

15 Larcom, S; van
Gevelt, T

Regulating the
water-energy-food
nexus:
Interdependencies,
transaction costs and
procedural justice

2017 37 Law

16 Leck, H; Conway,
D; Bradshaw, M;
Rees, J

Tracing the
Water-Energy-Food
Nexus: Description,
Theory and Practice

2015 333 Environmental
Science

17 Leese, M;
Meisch, S

Securitising
Sustainability?
Questioning the
‘Water, Energy and
Food-Security
Nexus’

2015 133 Political Science

18 Liu, J. and Others Nexus approaches to
global sustainable
development

2018 254 Sustainability
Studies

19 Mercure, J.F. and
Others

System complexity
and policy integration
challenges: the
Brazilian
Energy-Water-Food
Nexus

2019 79 Interdisciplinary

(continued)
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(continued)

AUTHOR(S) TITLE YEAR CITATION
01/10/2021

Field of study

20 Middleton, C;
Allouche, J;
Gyawali, D;
Allen, S

The Rise and
Implications of the
Water-Energy-Food
Nexus in Southeast
Asia through an
Environmental
Justice Lens

2015 101 Environmental
Sciences

21 Mohtar, R.H.;
Daher, B

Water-Energy-Food
Nexus Framework
for facilitating
multi-stakeholder
dialogue

2016 84 Transdisciplinary

22 Newell, Joshua P.;
Goldstein, B.;
Foster, A

A 40-year review of
food-energy-water
nexus literature and
its application to the
urban scale

2019 57 Governance

23 Nhamo, L. and
Others

The
Water-Energy-Food
Nexus: Climate Risks
and Opportunities in
Southern Africa

2018 89 Environmental
Science

24 Olawuyi, D Sustainable
development and the
water-energy-food
nexus: Legal
challenges and
emerging solutions

2020 20 Law

25 Pahl-Wostl, C Governance of the
water-energy-food
security nexus: A
multi-level
coordination
challenge

2019 179 Environmental
Science

26 Pardoe, J. and
Others

Climate Policy
Climate change and
the
water-energy-food
nexus: insights from
policy and practice in
Tanzania

2018 71 Governance

(continued)
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(continued)

AUTHOR(S) TITLE YEAR CITATION
01/10/2021

Field of study

27 Rasul, G Managing the food,
water, and energy
nexus for achieving
the Sustainable
Development Goals
in South Asia

2016 298 Environmental
Science

28 Rasul, G.;
Sharma, B

The nexus approach
to water-energy-food
security: an option
for adaptation to
climate change

2016 387 Governance

29 Salmoral, G. and
Others

Water diplomacy and
nexus governance in
a transboundary
context: In the search
for
complementarities

2019 19 Governance

30 Scott, C.A.;
Kurian, M.;
Wescoat, J.L

The
Water-Energy-Food
Nexus: Enhancing
Adaptive Capacity to
Complex Global
Challenges

2015 180 Governance

31 Sharmina, M. and
Others

A nexus perspective
on competing land
demands: Wider
lessons from a UK
policy case study

2016 57 Environmental
Science

32 Smidt, S. J. and
Others

Complex water
management in
modern agriculture:
Trends in the
water-energy-food
nexus over the High
Plains Aquifer

2016 89 Environmental
Science

33 van Gevelt, T The
water–energy–food
nexus: bridging the
science–policy divide

2020 24 Political Science

(continued)
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(continued)

AUTHOR(S) TITLE YEAR CITATION
01/10/2021

Field of study

34 Venghaus, S;
Hake, J.F

Nexus thinking in
current EU policies
– The
interdependencies
among food, energy
and water resources

2018 56 Environmental
Science

35 Weitz, N.;
Strambo, C.;
Kemp-Benedict,
E; Nilsson, M

Closing the
governance gaps in
the
water-energy-food
nexus: Insights from
integrative
governance

2017 210 Governance

36 White, D.D. and
Others

Stakeholder Analysis
for the
Food-Energy-Water
Nexus in Phoenix,
Arizona:
Implications for
Nexus Governance

2017 53 Governance

37 Wichelns, D The
water-energy-food
nexus: Is the
increasing attention
warranted, from
either a research or
policy perspective?

2017 197 Environmental
Science

38 Yung, L. and
Others

How methods for
navigating
uncertainty connect
science and policy at
the
water-energy-food
nexus

2019 23 Environmental
Science

39 Zhang, P. and
Others

Food-energy-water
(FEW) nexus for
urban sustainability:
A comprehensive
review

2019 115 Environmental
Science
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Abstract. Over the past few years, construction has been undergoing a digital
revolution by integrating innovative technologies and new construction processes,
such as Additive Manufacturing (AM), also called 3D Printing (3DP). The need
to advance the green transition towards a more circular economy has been press-
ing the construction sector to adopt low embodied carbon materials and reduce
waste and environmental impact. Earth-based materials have been used for cen-
turies in sustainable constructions in Africa. On the other hand, digitalization
is emerging with the support of FabLabs and Fabbers’ Schools. These focus on
environmentally awareness training programs and developing interconnectedness
among sustainable constructions and digital construction technologies. A brief
review of the current developments of digital fabrication in Africa is carried out to
identify current advancements in digital construction, particularly regarding 3D
Printing. AM implementation in the construction sector can improve productivity,
automation, and safety, reducing construction times and waste. 3DP can be an
enabler for economic progress towards a more sustainable industrialization.

Keywords: Digital fabrication · 3D printing in Africa · Low embodied carbon
materials

1 Introduction

Over the past decades, construction practice has been mainly based on manual labour,
which is one of the reasonswhy construction activity is seen as low-techwith small levels
of innovation and modernization. Furthermore, it is characterized by many interrelated
construction processes, multiple stakeholders, and single barriers, affecting the overall
productivity at different construction stages, whichmakes it a very complex one (Arayici
and Coates 2012; Dallasega et al. 2018; Davila Delgado et al. 2019). As a result, the con-
struction industry faces considerable challenges in improving overall productivity and
efficiency. Therefore, it is critical to adopt digital tools, such as AM, Building Informa-
tion Modelling (BIM), and Virtual Reality (VR), which are already being implemented
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on a large scale by other industries like the manufacturing, aerospace, and automotive
sector (Barbosa et al. 2017; Dallasega et al. 2020).

Barbosa et al. (2017) and Maskuriy et al. (2019) stress that 3DP in construction can
increase productivity and enhance innovation. Many other works highlight the advan-
tages of implementing 3DP in construction to achieve building optimization and essential
environmental benefits on 3D printed components and structural elements (Gomaa et al.
2021; Wu et al. 2016). Using earthen building materials and AM it will provide a more
sustainable production to replace the current,more popular cement-based products (Veliz
Reyes et al. 2019). 3DP of earthen materials includes various sustainable raw materials,
such as sand, clay, rammed earth, adobe, and cob. Adding organic fibres to the earthen
materials will enhance their mechanical properties, improving thermal and structural
performance (Gomaa et al. 2021). The use of 3DP with natural materials has shown
promising results suggesting a good performance (Faksawat et al. 2021; Manikandan
et al. 2020), though still in its infancy.

Digital Fabrication is broadly used in industrial manufacturing, holding great poten-
tial for future construction automation. In addition, digital fabrication can allow the
implementation of additional functions on the building structures, such as thermal or
acoustic performance, adding value and freedom to architecture (Agustí-Juan andHabert
2017). Digital fabrication has several advantages and limitations for the construction
industry, as illustrated in Table 1.

Table 1. Advantages and limitations of 3DP in construction.

Advantages Limitations References

Less building times are
required to build structural
walls

Structure deformation due to
poor adhesion, hardening
process, and self-weight

(Buswell et al. 2007; Suiker
2022; Suiker et al. 2020)

Fewer pollutant emissions
during production

Void creation during extrusion
and density reduction of 3DP
materials

(Bos et al. 2016; Chaunier
et al. 2018; Colorado et al.
2020; Han et al. 2021)

Reduction of material usage
and waste

Limited types of materials can
be used

(Bedarf et al. 2021; Craveiro
et al. 2019; Wang et al. 2016)

Freedom in complex shape
designs at convenient costs

Not much research to assure the
affordability of 3DP mass
implementation

(Keating 2018; Wu et al.
2016)

Optimization of thermal and
acoustic properties of
buildings

Insulation installation for
nonlinear structures

(Craveiro et al. 2017;
Kaszynka et al. 2019; Yang
et al. 2019)

Promoting work safety and
health

3DP building codes and
standards

(Guimaraes et al. 2021;
Kidwell 2017)

Increase the possibility of
recycling compared to
conventional buildings

(Muhammad Salman et al.
2021; Yao et al. 2020)
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This work aims to give a brief overview of the current state-of-the-art digital fab-
rication in Africa, particularly regarding the use of 3DP in the construction sector. In
addition, it also aims to acknowledge how creative ideas and projects are boosting inno-
vation and encouraging the next generation of Africa’s manufacturing skilled workers
through collaborations Industry-University.

2 Current State of Digital Fabrication in Africa

Industry 4.0 is a broad concept embracing twomain pillars, design principles and technol-
ogy (Culot et al. 2020). Industry 4.0 portrays an ongoing Industrial Revolution with the
digital transformation of industrial processes, such as AM (Ching et al. 2022). Accord-
ing to Deloitte, industry 4.0 will substantially impact Africa’s coming years, though
the current adoption of digital technologies in construction is still low. Nevertheless,
the South African construction industry is one of the most advanced in Africa. Table 2
illustrates the current usage of smart technologies, namely in advanced robotics and 3DP
(McKinsey 2020).

Table 2. Current stage of advanced robotics and 3DP in South Africa (McKinsey 2020).

Current usage of smart technologies in the South African construction industry

Advanced robotics • Low implementation of advanced robotics across different
manufacturing sectors

• Adoption of robotics is not yet at an advanced stage
• Only a few industries like automotive adopt advanced
automation/robotics technology

• Cost factors are an unaffordable adoption issue for many South African
manufacturers

3D printing • No extensive implementation of 3D Printing yet in the construction
industry

• Actual usage is exclusively used in rapid prototyping, testing of design
options, or understanding engineering problems better

• Affordability remains the central issue in developing markets
• More investments by manufacturers are expected once the cost of 3D
Printing machinery comes down

South Africa’s progress regarding 3DP in construction has benefited from the gov-
ernmental support from the Rapid Product Development Association of South Africa
(RAPDASA), which commissioned a roadmap in 2013 entitled “South African Addi-
tive Manufacturing Technology Roadmap” (Raji 2017). As a result, 3DP was used to
enhance productivity and efficiency and produce parts for conventional manufactur-
ing. Currently, South Africa is considered globally competitive in polymer-based and
metal-based Additive Manufacturing.

InKenya, universities play a key role in the current development of digital fabrication,
namely 3DP. The African Centre of Technology Studies (ACTS), has collaborated with
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Kenyatta University (KU) to establish a 3DP technology centre aiming to advance 3D
Printing for industrial capacity building and IT development (Kolade et al. 2022). This
network can boost Africa’s economic growth and 3DP adoption (Demissie 2017).

In Malawi, the UK-based CDC Group and LafargeHolcim created a joint ven-
ture named 14Trees to improve sustainable building solutions. This project introduces
3DP technology to produce sustainable building infrastructures through 3DP extrusion
(Thawer 2021). This project has already produced a 3D printed house and a school and
plans to expand to other African countries, including Kenya and Zimbabwe. The 3D
printed school in Malawi took 18 h to build and has been functional since June 2021.

In 2019, the city of Benguerir in Morocco hosted the first edition of the “Solar
Decathlon Africa” to promote renewable energy in the construction industry. In this
event, the “Be More 3D” start-up company built a 3D printed house with 32 m2 in
less than 12 h. This achievement allows it to get a prize for the most innovative start-
up, awarded by Green Africa Innovation Booster of IRESEN, the Morocco Research
Institute (Mélanie 2019).

2.1 Earthen Materials in Morocco, Tunisia, and Algeria

Over centuries, raw earth construction materials have been used in houses, mainly due
to their minimal carbon footprint, low thermal conductivity, and good hygroscopic prop-
erties. Raw earth materials are among the oldest building materials used for centuries
worldwide. Different building techniques are being optimized, ranging from adobe or
rammed earth buildings to cob houses and compressed earth block homes. Earthen
construction holds great importance to southern Morocco’s heritage and architectural
traditions, a unique image of the country’s landscape and culture. In recent years, there
has been increasing use of earthen materials in construction due to their distinctive prop-
erties, availability, and environmentally friendly properties (Parlato et al. 2021), with
considerable sustained durability (Zhang et al. 2019).

An excellent example of earthen architecture in southern Morocco is the Ksar of
Ait-Ben-Haddou. In the Ouarzazate province, an assembly of earth-based buildings
surrounded by highwalls representing a traditional way of building technique (UNESCO
2021), preserving its architectural legitimacy. In Morocco, traditional architecture is
encouraged as it is resilient to climate change in harmony with the natural and social
environment.

Some research works have been investigating the effects of mixing earthen materials
with different types of fibres, such as sisal fibres, date palm fibers, olive waste, straw
fibers, alfa fibres, plant fibres, and cellulose pulp fibres (Ajouguim et al. 2021; Ben Zaid
et al. 2020). Findings prove that implementing these fibres increases both compressive
and tensile strength, physical and mechanical characteristics, enhancing thermal perfor-
mance. (Koutous and Hilali 2021; Lamrani et al. 2019;Millogo et al. 2014; Ouakarrouch
et al. 2020; Ramakrishnan et al. 2021; Stanislas et al. 2021).

According to Abid et al. (2021), earth-based construction materials are encouraged
in Tunisia due to their unique properties. Providing a new raw material with less carbon
footprint, such as compressed earth brick (CEB), exhibiting a compressive strength
higher than 2.3 MPa at 28-day tests (Abid et al. 2021).
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In Algeria, these traditional building techniques are used, including clay, one of the
mostwell-known buildingmaterials in the country, due to its good thermal properties and
broad availability (Mansouri et al. 2017). However, a recent study by (Hadji et al. 2020)
investigated the thermal conductivity of Algerian desert soil with different amounts of
straw in the region of M’Sila. It was observed that mixing straw in the earthen material
reduces its thermal conductivity, thus supporting earthen materials over conventional
building techniques.

2.2 African Digital Fabrication Laboratories

Most African countries lack essential technological and industrial skills, so there is a
need to develop innovative technologies, such as 3D Printing and automation, to reach
higher levels of industrialization. African economies have few supply points connected
to global supply chains, so they must embrace a radical industrial transformation. Devel-
oping the relevant worker skills, infrastructure, and corporate capabilities is gradual and
promising. Africa must pursue distinct strategies to achieve industrial relevance towards
the industrial revolution (Gadzala 2018).

Several African FabLabs incorporate the digital revolution, drive innovation, provide
updated manufacturing knowledge, prototype machinery and software, and train local
experts to support novel ideas and projects. In addition, workshops were carried out to
support and motivate African youth, students, children, and teenagers.

According to Leyronas (2018), SésaméKoffiAgodjinou, founder of a start-up “Woe-
Lab” in Togo, FabLabs is a way to rethink cities designed and shaped by rural regula-
tions. Guiako Obin, the creator of the start-up “BabyLab” in the Ivory Coast, selected
the deprived city of Abidjan to create a Fablab and highlight it as a driver for social
transformation towards better education and development. The so-called “Blolab” in
Bénin, created by Médard Agbayazon, aims to stimulate digital literacy amongst young
people and local experts to find better solutions for rural buildings.

A studywas conducted on 23African FabLabs to evaluate strengths andweaknesses,
and its strengths are illustrated in Fig. 1. It can be observed that “Team quality and skills”
are the major strength with 20%. These FabLabs are located over many regional regions
of Africa, namely Morocco, Senegal, Mauritania, Kenya, Benin, Ethiopia, Namibia,
Tunisia, Togo, Burkina Faso, Rwanda, Egypt, Niger, and Nigeria.

According toOladele-Emmanuel et al. (2018), thismovement is a key opportunity for
Africa’s development and industrialization, with beneficial effects on the economy, edu-
cation, and citizen involvement, namely through training and entrepreneurship (Oladele-
Emmanuel et al. 2018). One of the strengths of FabLab in Africa is being led by qualified
people with highly technical and human skills, where manufacturing and learning needs
are one of the most promising opportunities. However, there are significant threats such
as financial resources, clear business models, and political issues.

Ben Rejeb and Roussel (2018) conducted a case study that surveyed North African
engineering universities using creativity workshops and FabLabs. This study investi-
gated the impacts of European cooperation programs by setting up education and train-
ing programs on seven North African universities in different countries, like Morocco,
Tunisia, and Algeria, in collaboration with eight European Universities. The program,
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entitled Tempus i-Cré@ project, achieved its primary goals by providing training to uni-
versity teachers universities, developing new courses, introducing innovation platforms,
supporting education and research on design and innovation management. The imple-
mentation of FabLabs in the Maghreb universities was a big success, providing material
support for designers and innovators (Ben Rejeb and Roussel 2018).

Fig. 1. FabLabs’ strengths patterns, adapted from Oladele-Emmanuel et al. (2018).

2.3 African Fabbers School

African Fabbers Schools (AFS) are the first schools in Africa on urban ecologies, self-
construction, and digital fabrication. AFS initially started as an itinerant initiative, trav-
elling through different African countries, such as Senegal, Morocco, Mali, Burkina
Faso, and many others.

This school project, directed by Paolo Cascone, was developed with an urban fab-
rication laboratory. According to architect Cascone, the project was conducted under
the framework of CAMon program, an initiative promoted by the Centro Orientamento
Educativo (NGO CEO). This project aimed to respond to the lack of design schools in
the region, focusing on an ecological program and exploring the interaction between
material systems in Africa and digital manufacturing technologies (Cascone 2022). In a
circular economy context, this kind of school is an opportunity for African economies
to develop “local industries” to generate new labour opportunities for the locals. It also
explores new home-based designs as a paradigm for digital fabrication and sustainable
construction, which could be exported for European markets (Future Architecture Plat-
form 2022). Figure 2 shows a lightweight structure considered a tensile fabric shelter,
designed for Salé public garden. Based on the traditional cable system to generate shade
solutions in the ancient medina, this project was intended to create an interactive space
with the local community.

On the other hand, the project called “The Earth Playground” was initiated at the
Sourgoubila Primary School in Burkina Faso, where Cascone has teamed upwith experts
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Fig. 2. Khaima Urban Tent in Salé (Morocco) (Cascone 2022).

to develop a design for a playground incorporating different aspects of local fabrication
as well computational processes. According to Cascone, most of the wood used to make
Italian furniture comes from Cameroon. The aim was to transform the wood locally
into sustainable house furniture, so a digital fabrication laboratory was implemented
in the country, allowing print materials to be printed using additive and subtractive
technologies. Supporting this project idea, Prof. Neil Gershenfeld from MIT, USA,
believed that the digital revolution was not additive versus subtractive manufacturing
technologies. Instead, it evolved from the ability to turn data into things and things into
data (Design Indaba 2022; Gershenfeld 2012).

3 Conclusions

A brief review was conducted to understand better the progress of Digital Fabrication
in the construction industry in Africa. Digital Fabrication has undergone a substantial
evolution in recent years. The number of projects completed and ongoing show that this
technology will be of significant importance for the construction sector in the next few
years. The integrated digital design and fabrication process (i.e., a design-to-production)
can provide more controllability and flexibility during construction. It can bring an
innovative perspective to the construction industry inAfrica, bringing several advantages
on health, cost, climate change, reducing construction times and waste.

Creative ideas and projects are encouraging the next generation of Africa’s manu-
facturing skilled workers through collaborations Industry-University, such as the Digital
FabLabs and African Fabbers Schools, fostering innovation and offering good oppor-
tunities for economic growth and sustainable development, driving the industry into
the future industrialization of Additive Manufacturing in the continent. The African
region can emerge as the following factory of the world through Industry 4 technolo-
gies, increasing overall productivity and potentially leading to a repositioning of global
supply chains.
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Abstract. Climate change is accelerating extreme events, rising sea levels, caus-
ing wildfires and floods, as well intensifying greenhouse and pollution effects
in urban environments. Human action is a significant contributor to this extreme
weather. In Brazil, most large urban areas are characterized by social exclusion,
exploitation, and chaotic territory occupation, so there is a need for mechanisms
promoting cultural diversity and inclusion. A sustainability assessment for build-
ings is critical, assuming that criteria is needed to properly embed sustainability
in the built environment. A brief overview is conducted on existing evaluation
methods, certificates, and stamps, and a new method is proposed, the ESAModel
for Buildings (ESA-B), where sustainability is evaluated through the building life
cycle regarding economic, social, and environmental aspects. This model consid-
ers the nearby urban area where the building is inserted, the strategies/practices
used, as well the performance within the urban context, reflecting a dynamic
relationship between the building and its surroundings.

Keywords: Sustainable buildings · Sustainability assessment · Sustainability

1 Introduction

1.1 Contextualization

Climate change is triggering extreme events. There is an increase in wildfires, floods,
average temperatures, greenhouse effect, among other problems. At the root of this is
human action. Society strives to propose solutions and technologies to overcome or
minimize these phenomena. Such solutions demand professional action from various
areas and fields of knowledge. Sustainability is evolving as a new area of knowledge,
inter and multidisciplinary. A complex science to solve a wicked problem1, difficult
to define and unpredictable to solve. Let us consider today’s concept of sustainability.

1 Wicked problem: a problemwhose social complexitymeans that it has no determinable stopping
point (Tonknwise 2006).
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Which variables might define it completely? The most widespread concept of sustain-
ability is composed of three dimensions: economic, social and environmental. However,
other definitions also consider cultural, institutional, religious, technical, and spiritual
dimensions. On the subject of sustainability indicators, there is a great diversity, such as
happiness, well-being, life quality, creativity, among others can be considered.

The most acknowledged definition proposed by the Brundtland Commission, also
namedOurCommonFuture (Brundtland 1987), sustainable development will be accom-
plished when the present generation meets its current needs “without compromising the
ability of future generations to meet their own needs”. From a critical point of view, this
concept needs to be satisfactory, as it is not even possible to satisfy the current generation
needs with equity and justice; what about the needs of future generations?

Adopting a holistic approach to a sustainable environment implies beautiful green
ecosystems, rich in biodiversity, fauna, and flora, with an abundance of water and
resources, usually with no human occupation or, at most, with small communities.
However, the global development scenario evolves in the opposite direction. Currently,
we live in a mix of Cornucopian and Malthusian scenarios, either by replacing scarce
resources with innovative technologies or with a complete scarcity of resources to feed
the population, causing scenarios of misery, mortality, and extreme poverty.

Sustainability challenges are strongly related to the chaotic urban scenario, where
resources and technology are needed to solve infrastructure, community living spaces,
and food production problems, ideally with social development and reduced environ-
mental impacts. Solutions are always interdependent, requiring more and more proper
strategy and monitoring.

The Brazilian housing deficit rose from 5,593,191 in 2007 to 5,409,210 in 2011,
according to data from Technical Note n. 1 of the IPEA. This deficit was calculated
using themethodology of João Pinheiro Foundation (FJP) and data from PNAD (Furtado
et al. 2013). In 2015 (FJP 2018), over 4 years (2016–2019), the deficit values reached
6,355,743 homes (in urban and rural areas), and other surveys point out values reaching
7.7 million homes (CBIC 2021). The traditional construction systems widely used in
Brazil have a high environmental impact and very few professionals apply any method
for selecting eco-friendly technology and low environmental impact materials in their
projects. So, to eliminate the deficit of houses using the traditional construction system
with less environmental impact, it is necessary to change construction technologies,
materials, and Brazilian social housing.

1.2 Problematic

The real urban scenarios of major centers in Brazil are characterized by social exclu-
sion, exploitation, and uncontrolled territory occupation. Inefficient public management
makes it difficult to plan and preserve existing natural resources. Environmental priorities
are often overlooked to favor personal interests.

The mechanisms to implement a building in an urban space must not only foresee
problems but also sustain social cultural diversity, by valuing people’s needs, habits and
culture, this way help reducing inequalities and promoting community development.

The urban spread should be made with the least impact on natural resources, a
basic premise for sustainable urban development. However, urban management is such
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a complex theme that it is necessary to limit the aspects to be addressed and prioritize
variables to evaluate sustainability.

The urban insertion of buildings requires considering a complex range of subjects
in a regional context. The smaller the scale, the greater the detail to be investigated,
elucidating hypotheses to finally understand the object of study. It is also of interest the
relationship between buildings and public spaces, the composition of the collective life,
the spaces for circulation and living, the wealth and plurality of urban spaces. The built
environment is also a space for confronting interests, which leads to evolution in the
paradox of individual rights versus collective rights.

The evaluation of how green a city is can be done in several ways, from rankings
designed for marketing or even to attract popular attention. In general, they are based
on indicators for public health, ecology, city planning and economy. It can be argued
that environmental recognition instruments, sustainability stamps and certifications can
highlight some aspects of thewhole.However, an instrument is needed to help addressing
both the quality of public spaces and the performance of adopted strategies in a building.
More than just a collection of clean technologies, sustainable building should consider
the best technological strategy to supply and sustain the needs of each context. Thus, a
building cannot be sustainable alone, nor a city without adequate buildings, the premise
leading this research. There are best solutions for each context acquired via proper
planning. The urban ambiance is not static but dynamic; it must be managed over the
years.

To ensure a sustainable urban environment, not only building typology matters, but
also its construction system and incorporated technologies. There is a key question
guiding this research to assess building sustainability:

- How can buildings contribute to a sustainability city? How can an individual
building contribute to the quality of an urban space?

This work proposes an ESA-B model, based on ESA MODEL (Librelotto 2005),
to evaluate building sustainability in economic, social and environmental dimensions,
considering its integration in the urban environment, an ESA MODEL for buildings
named ESA-B. To assess sustainability levels, it is necessary to know what and how to
measure it, involving the conceptual definition of sustainable building and sustainable
city.

How to measure implies the adoption of indicators. Performance measurement in
construction requires continuous improvement, changing the reality of both the building
sector and the urban environment, an instrument to manage the city and reduce its
environmental, economic, and social impacts.

This research proposes the ESA-B model, based on two systematic reviews, con-
ducted by López et al. (2019) and Haapio and Viitaniemi (2008). These works identified
101 tools for sustainable building assessment, proposing a classification, which assisted
in differentiating ESA-Bmodel from other tools. A literature reviewwas also carried out
to understand the main concepts, such as the context of sustainability in Brazilian build-
ings, the characterization of sustainable buildings and cities, sustainability indicators,
tool classification for sustainability assessment.

The most relevant aspects of the literature review are presented below in state of the
art. A brief description of the ESA-b Model and its origins is given. Next, the ESA-B
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Model and the main differences concerning other tools are presented as a result of this
research.

This research work proposes the ESA-B model, based on two systematic reviews,
conducted by López et al. (2019) and Haapio and Viitaniemi (2008). These works iden-
tified 101 tools for sustainable building assessment, proposing a classification, which
assisted in differentiating ESA-B model from other tools. A literature review was also
carried out to understand the main concepts, such as the context of sustainability in
Brazilian buildings, the characterization of sustainable buildings and cities, sustainability
indicators, tool classification for sustainability assessment.

2 State-of-the-Art

2.1 The Concept of Sustainability in the Built Environment

What is a sustainable/green city concept? According to Birch and Wachter (2008), an
ideal green city through a carbon-free and completely sustainable urban space. Birch
and Wachter (2008) made a distinction between managing existing spaces by adapting
and mitigating unfavorable environmental conditions or developing new spaces by co-
creating innovative spaces for communities. This way, to findwhat is a sustainable city, it
is necessary to identifywhatwould be sustainable for a specific location, the region, state,
or country. Usually, sustainability is considered from the global to the local, following
the example of Agendas 21 and 30, which is extended to countries, municipalities and
regions, and/or specific sectors.

What is a sustainable building? There are several definitions, though the minimum
premise is the balance between the economic, social and environmental dimensions,
the ESA triad. The International Council for Construction (ICB) and the Agenda 21 for
Sustainable Construction in Developing Countries defined key objectives for sustainable
construction: i) the economy of energy and water; ii) guaranteeing the salubriousness
of buildings; iii) the maximization of the durability of buildings; iv) the planning of
conservation and maintenance of buildings; v) the use of eco-efficient materials; vi) the
employment of low construction mass; viii) a lower production of waste; and, ix) lower
life cycle costs and hygiene and safety in construction works.

Following this conceptual framework, stamps and certifications establish indicators
to evaluate a sustainable building, it can be considered many aspects of sustainability or
less. In summary, grouping themain stamps, certificates and assessmentmethods (LEED,
SUSTENTAX, ASUS, STAR, MASP-HIS, GB Tool, Blue House Stamp - Selo Casa
Azul, Healthy House Stamp), what to expect from sustainable building, a consensus can
be established between the different assessment proposals. (Silva 2007; Carvalho 2009;
ASUS 2015). These proposals can serve as a basis for proposing groups of indicators
for building sustainability.

On the other hand, in an urban context, Birch andWachter (2008) identify someways
of measuring sustainability. The indicators are important to preserve natural environ-
ments, consume regional products, use electric energy from renewable sources, encour-
age local organic production, support educational and environmental research institu-
tions, motivate the use of reusable packaging in restaurants and fast foods, promote parks
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and activities allowing greater contact with nature, support alternative transportation and
decentralizing activities in urban centers.

Other indicators can also be used for urban sustainability assessment, such as HDI -
Human Development Index (PNUD 2015), the IQVU proposition - Índice de Qualidade
de Vida Urbana (Nahas 2016) and the ecological footprint of Brazil, calculated by Lin
(2018). These indicators can be used to propose groups of indicators for the urban
structure, as well estimate impacts of climatic change over urban environments. These
indicators can also be associated to evaluate sustainable environments.

Another kind of evaluation can be directed to measure a company’s performance in
the construction industry. This is the case of the ESA Model, proposed by Librelotto
(2005), adapted from ECP-T (Abreu 2002), accordant to the proposal of Scherer and
Ross (1990) and the Triple Bottom Line by Elkington (1998). This ESA Model was
applied to several Brazilian construction companies by Araldi (2010), Silva (2010), as
well in others industrial sectors (Carneiro 2012).

In 2017, Librelotto et al. adapted the ESA Model to assess the sustainability of
buildings inserted in the urban environment, creating the ESA Model for Buildings
(ESA-BModel). This assessment of was carried out by adapting the original ESAModel
and defining some limits for this evaluation to make it possible to measure. Similarly, it
was also considered this model with an open structure, where the indicators used can be
adapted according to data availability and priorities determined for each context.

The ESA Model for Building proposes evaluate of the urban structure, conducts
(practices/strategies) and of building performance. The Structure evaluation is carried
out whenever the structural conditions of the building implementation place change
through the incidence of Shocks, the practices (conducts) are the strategies implemented
in the building, represented by the indicators identified in the stamps, certifications and
models of building sustainability assessment and the Performance evaluation is the result
obtained with the strategy implementation.

2.2 The ESA Model for Building (ESA-B)

It is important to emphasize that the ESA-B model is dynamic. This model allows the
management of building sustainability integrated into an urban environment. The assess-
ment of a building’s sustainability level can be performed at various stages. At an early
stage, to explore the viability of the venture in the project itself, or even in existing
buildings. Thus, the assessment is truly dynamic, allowing to manage the neighbor-
hood’s development, monitoring the implementation of building strategies or comparing
between real and planned project performance.

Figure 1 summarizes the framework of the ESA-B Model. Some indicators previ-
ously established for the urban structure can be considered for urban structure assess-
ment, such as the existence of leisure areas in parks, public lighting conditions and
sidewalks, mobility in the neighborhood, availability of electricity and water systems. It
is also possible to analyze the viability of the construction, to verify the existing capacity
of the local structure to meet new demands from new units, like more vehicles circu-
lating in the neighborhood, local commerce conditions to meet new residents. These
data will serve as a guide for the improvement implementation in the neighborhood,
or even defining the strategies (practices) used in the building. A place where there is
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a constant lack of water in public system, for instance, is an indicator that the public
water network needs overhauling, which can by an agreement with the government. If
that is not possible, so the building must use water management strategies (rainwater
reuse, water treatment options, creation of retention basins or lakes, use of water-saving
devices) to make the venture viable. In this way, the designer can prioritize the most
necessary strategies to address local deficiencies or generate a greater impact on the com-
munity, avoiding technological collections or sustainability kits. Wrongly, whenever the
words “sustainable building” are used, the idea of implementing the same package of
technologies, like garden roofs, rainwater reuse, and photovoltaic panels often arises.

Fig. 1. ESA model for buildings’ framework (adapted from Librelotto et al. 2017).

Theoretically, the more practices are implemented in the building, the better for the
planet. It is imperative to know the performance of the implemented strategies and check
the balance with economic issues (initial cost, maintenance cost, local supplier availabil-
ity, conditions for users to effectively manage technology), to successfully implement
technology.

Once the urban structure of the building site is evaluated, further evaluationswill only
be conductedwhen shocks (changes thatmaymodify the conditions of the neighborhood)
occur. The construction of the building can be a changing agent, since it improves
neighborhood conditions by offering community services, such as public leisure area,
community gardens, or even providing self-generated clean energy.

A crucial issue to solve is ensuring the effectiveness of implemented technologies.
Several efficient technologies, when installed in buildings, end up being ineffective,
which can be harmful in terms of consumer perception and diffusion of the technology,
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potentially the image of damaging of designers and consultants who recommended it.
There are also cases of certified companies that use a number of strategies to achieve
high certification score levels and receive credits, though buildings do not achieve the
expected performance. Some cases have led to lawsuits, which got widespread media
coverage.

Performance can be monitored when buildings are already in place. Strategies used
for energy efficiency should revert to energy consumption savings. In this case, simula-
tions results can be compared with the actual results. Similarly, it can be established a
comparison between the use of thermal insulatingmaterials and the internal temperature,
natural ventilation with internal health conditions and temperature and so on.

3 Results

There are many ways to classify sustainable assessment tools. The Athena classification
divides the methods for sustainable assessment in three levels: (i) tools for comparing
products and sources of information; (ii) design of whole buildings and decision-making
support tools; and (iii) assessment frameworks or systems for whole buildings. The IEA
classified the methods into five categories: (i) Energy modeling software; (ii) Environ-
mental LCA tools for buildings and building stocks; (iii) Environmental assessment
frameworks and rating systems; (iv) Environmental guidelines or checklists for design
andmanagement of buildings; and (v) Environmental product declarations, catalogs, ref-
erence information, certifications and labels. López et al. (2019) propose three groups for
this classification, following the steps of the Public Environmental Management Agency
of the Basque Government, which are as follows: Building Sustainability Assessment
Systems; SustainableBuildingStandards andAssessmentTool (Carneiro 2012;Carvalho
2009).

However, evaluating sustainable buildings is very difficult as it is complex. Several
indicators are considered, and many levels can be added according to the life cycle
phase. None of them uses the urban development either as a parameter of control for
implementing strategies in the building, or as a way to define how strategy is important
and monitor its performance for management.

López et al. (2019) point out more than 600 tools to apply in sustainable building
assessment and investigated 101 of these tools, identifying and defining four variables
and the percentage (%) of tools, including them: i) phase of the life cycle (production
of building materials, construction, use (97%) and operation, demolition (26%) and
design; ii) environmental, social e economics aspects (few tools considerer all aspects
of sustainability); iii) assessment categories considered (identified 10 categories - (C1)
Site and sustainable development, (C2)Water, (C3)Materials and resource consumption,
(C4) Energy.

The main difference between the ESA-BModel and the methods evaluated by López
et al. (2019) is the importance of the urban structure as ameasure for defining the strategy
to be implemented in the building. Even in the category (C1) related to the site and
sustainable development, the evaluation strategy adopted by the abovementioned tools
is static, not allowing the integration of urban management and building sustainability.
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The ESA-B model allows the definition of priorities for strategy insertion in the
building and, at the same time, to monitor the performance. Similarly, building perfor-
mance can be evaluated in three differentmoments: during design (by simulation), during
use (by water consumption and energy efficiency, for example), or by user satisfaction
with the performance of a given technology implemented in the building. Effective user
participation in the evaluation is one of the shortcomings of these tools. Despite the
proliferation of tools to evaluate building sustainability, the goal of sustainability is not
easy to achieve.

4 Conclusions

A brief description of the ESA-B Model and its origins is presented in this work. This
model follows the premise that building cannot be sustainable without considering its
neighborhood. Even if the building use technologies for sustainability, the structure of
the place is an important indicator of sustainable buildings, and the urban structure must
also be considered.

To evaluate the sustainability of a building through the ESA-BModel, it is necessary
to analyze the structure of the place where the building will be built. Sustainability
cannot be achieved by a kit of technologies or a collection of strategies. It is necessary
that place conditions guide the priorities for action. It is not possible to insert a building
that claims to be sustainable in a city or a place with no infrastructure for mobility,
sanitation, or quality of life. It is necessary to measure the building’s contribution to the
place or vice-versa. A new assessment of the location will take place whenever there is
a change affecting neighborhood conditions.

The strategies used in the building are evaluated, as well building performance will
be assessed and monitored after its occupancy. This way, it will be possible to determine
the level of sustainability achieved by a building, which also depends on the conditions
of the implementation place.

The application of the ESA-B Model as an open model allows using established
databases,which can greatly simplify building assessment andmonitoring. The proposed
model can serve as a basis for building sustainability management.

The proposed ESA-B Model is an academic model, with only a few applications in
real-life situations. This model is not only a collection of indicators but also an open
system whose indicators can receive contributions from other tools, at the building level
or the city one.

References

Abreu, M.C.S.: Modelo de Avaliação da Estratégia Ambiental: Uma Ferramenta para a Tomada
de Decisão (Doctoral dissertation). Programa de Pós-graduação em Engenharia de Produção,
Universidade Federal de Santa Catarina, Florianópolis (2002)

Araldi, J.: Diretrizes para a definição de ações estratégicas para tornar uma empresa da construção
civil sustentável sob o aspecto econômico, social e ambiental (ESA). PPGEP. UPF (2010)

ASUS: Sustainability assessment tool (2015). http://asus.lpp.ufes.br/instrucoes

http://asus.lpp.ufes.br/instrucoes


488 L. Librelotto et al.

Birch, E.L., Wachter, S.M.: Growing Greener Cities. Urban Sustainability in the Twenty-
First Century. Emerging City Labels–A Global Overview. University of Pennsylvania Press,
Philadelphia, Pennsylvania (2008)

Brundtland, G.H.: Our common future-call for action. Environ. Conserv. 14(4), 291–294 (1987)
Câmara brasileira da indústria da construção (CBIC): Déficit habitacional no Brasil. Disponível

em (2021). http://www.cbicdados.com.br/menu/deficit-habitacional/deficit-habitacional-no-
brasil

Carneiro, C.: Avaliação da sustentabilidade de uma empresa de mineração e calcinação no centro
oeste de Miinas Gerais: estudo de caso (Master’s thesis). Mestrado em Engenharia Ambiental.
UFSC. Florianópolis (2012)

Carvalho, M.G.: Metodologia para avaliação da Sustentabilidade da Habitação de Interesse Social
com foco no projeto (Doctoral dissertation). Programa de Pósgraduação em Estruturas e
Construção Civil– PECC. Departamento de Engenharia Civil e Ambiental. Universidade de
Brasília, Brasília (2009)

Elkington, J.: Partnerships from cannibals with forks: the triple bottom line of 21st-century
business. Environ. Qual. Manage. 8(1), 37–51 (1998)

Fundação João Pinheiro (FJP): Déficit habitacional no Brasil 2015. Diretoria de estatística e
informações. Belo Horizonte (2018)

Furtado, B.A., Lima Neto, V.C., Krause, C.: Estimativas do déficit habitacional brasileiro (2007–
2011) por municípios (2010). Brasília, DF: IPEA (2013)

Haapio, A., Viitaniemi, P.: A critical review of building environmental assessment tools. Environ.
Impact Assess. Rev. 28(7), 469–482 (2008)

Librelotto, L.I.: Modelo ESA para avaliação da sustentabilidade na construção civil (Doctoral
dissertation). Pós-graduação em Engenharia de Produção da Universidade Federal de Santa
Catarina, Florianópolis (2005)

Librelotto, L.I., Ferroli, P.C.M., Sanon, S., Matanna, L.: Avaliação da Sustentabilidade do edifício
naEscalaUrbana. In:Anais ENSUS2017-VEncontro de Sustentabilidade emProjeto, pp. 163–
177. UFSC/Virtuhab, Florianópolis (2017)

Lin, D., et al.: Ecological footprint accounting for countries: updates and results of the national
footprint accounts, 2012–2018. Resources 7(3), 58 (2018)

López, C.D., Carpio, M., Martin-Morales, M., Zamorano, M.: A comparative analysis of
sustainable building assessment methods. Sustain. Cities Soc. 49, 10161 (2019)

Nahas, P., Pereira, M., Esteves, G.E.: Metodologia de construção do índice de qualidade de vida
urbana dos municípios brasileiros (IQVU-BR), Anais, pp. 1–20 (2016)

Programa das Nações Unidas para o Desenvolvimento (PNUD). Relatório do Desenvolvimento
Humano 2015: o trabalho como motor do desenvolvimento humano, New York (2015)

Scherer, F.M., Ross, D.: Industrial market structure and economic performance. University of
Illinois at Urbana-Champaign’s Academy for entrepreneurial leadership historical research
reference in entrepreneurship (1990)

Silva, F.C.: Avaliação da Sustentabilidade emEmpresas de Construção Civil, Setor de Edificações:
Estudo de Caso (Master’s thesis). Programa de Pós-graduação em Engenharia Civil. UFSC,
Florianópolis (2010)

Silva, V.G.: Methodologies for environmental performance assessment of buildings: current state
and methodological discussion. São Paulo, USP, Project “Technology for more sustainable
housing construction”. Finep Project 2,386/04. Most sustainable housing series (2007)

Tonknwise, C., Lorber-Kasunic, J.:What things know: exhibiting animismas artefact-based design
research. Working Papers in Art and Design, vol. 4, pp. 1–14 (2006)

http://www.cbicdados.com.br/menu/deficit-habitacional/deficit-habitacional-no-brasil


An Optically Approachable Chamber
for Determining the Characteristics

of Combustion of Process, Hydrogen Mixed
and Natural Gases on a Near-Industrial Scale

Sven Eckart(B) and Hartmut Krause

Institute of Thermal Engineering, TU Bergakademie Freiberg, Freiberg, Germany
sven.eckart@iwtt.tu-freiberg.de

Abstract. This contribution presents a novel pilot plant for advanced combustion
research to address current issues related to the conversion from conventional to
renewable fuels. It consists of an optically accessible combustion chamber and a
Nd:YAG-Dye-Laser-System, which allows a wide range of measurements within
the flame, e.g. distribution of NO/OH/CH species by LIF as well as Raman and
Rayleigh radiation measurements. The modularly designed combustion cham-
ber consists of four replaceable segments and therefore is a versatile system for
investigation of specific flame parameters. Gas-burners up to 50 kW fuel power
can be installed, supplied by gas mixtures of up to six components and oxidants
with variable oxygen content. Flue-gas recirculation is implemented as well as a
staged air inlet. 18 optical windows and an axial adjustable burner guarantee a
high-resolution flame examination with radial and axial profiles over the whole
flame volume. In experiments with natural gas it could be shown that the deviation
between the gas temperature and the wall temperature is less than 70 K. Addi-
tionally, it was also possible to precisely reproduce a previously defined target in
terms of temperature, equivalence ratio and heating rate.

Keywords: Pilot plant scale · External recirculation · Wall conditions ·
Optically accessible combustion chamber

1 Introduction

The production [1] and use [2] of hydrogen is becoming an increasingly appealing option
for the industrial sector. In addition, the fundamentals of hydrogen combustion have
been extensively investigated in model flames [3–5]. Due to increasing requirements
in combustion technology, multi-stage combustion systems are increasingly used in
industry. In terms of changing gas qualities, e.g. the use of hydrogen and simultaneous
efforts to reduce pollutants with the focus on minimizing nitrogen oxide, knowledge of
the processes in large scale combustion systems becomesmore andmore relevant in order
to optimize the burners in those systems. The pilot plant scale combustion chamber will
enable the chair of “Gas and Heat Technology” to obtain high-quality experimental data
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from flames. It features equipment to recirculate exhaust gases externally, equipment to
use different fuel gas and oxidizermixtures and to set and controlwall temperatures.With
over 15 optical ports, 24 physical access points for gas sampling allows to investigate
numerous correlations.

The combustion chamber is designed for a thermal input power of 50 kW and is
equipped to enable selective fuel, oxidizer and inert gas staging. This provides the pos-
sibility for significant combustion temperatures in the combustion chamber and also
provides the opportunity for a technological estimation of the combustion regulation
and the thermal balancing due to a large number of measuring points. In this regard, the
combustion chamber was specially developed, designed and manufactured according to
these requirements. In addition to the combustion chamber with multi-stage combus-
tion control, there is comprehensive equipment for combustion diagnostics, which is
permanently mounted on the combustion chamber construction by means of traverses.
Combustion diagnostics include the detection of major and minor exhaust gas species as
well as the recording of the local radial gas phase temperature. In particular, when select-
ing the equipment, attention was paid to simultaneous detection and sufficient energy for
excitation with appropriately large two-dimensional light sheets. For the investigation of
distribution of NO/OH/CH species a PLIF as well as additionally Raman and Rayleigh
measurements could be installed to the chamber.

The pilot plant presented in this work, will be used for combustion research and
addresses current issues related to the transition from conventional to renewable fuels
and associated modifications in industrial systems.

The focus of research will be:

• Investigation of different industrial scaled burners and their combustion control
• Sensor testing and calibration (Operation with various flame monitoring devices like
temperature-, UV- and ionization sensors)

• Determination of flame shape and structure (e.g. flame volume and length, extinction
limit) with complex combustion control (staged combustion with post-combustion
region)

• Investigation of concentration distribution of species (minor and major species)

Furthermore, research will be conducted on temperature distribution (TC type S) in
the reactive gas phase on real burner configurations, e.g.:

• Classical orifice mixing burners with different mixing systems (thermos-processing
equipment in heat treatment)

• Burner systems with staged combustion (gas turbines, heating plants in metallurgy
and ceramics)

• Burner systems with exhaust gas recirculation

Therefore, different gas compositions are possible until 50 kW thermal load:

• natural gases and biogases
• natural gas-hydrogen mixtures
• hydrogen and synthesis gases (H2, CO2, CO, N2, CxHy)
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The present work gives an overview about the project and the ongoing activities. First
promising results were obtained under atmospheric test conditions for heating operation
and investigation of the temperature difference between wall and chamber are presented.
Details of novel pilot plant design and the laser-system will be explained in more detail
in the following sections.

2 Experimental and Measurement Apparatus

2.1 Exchangeable Burner Systems

The combustion chamber is a modular design of 6 modules, three of which are inter-
changeable. Details on each module are shown in Table 1. The combustion plant has
a length of about 5 m, and a system height of about 4.5 m and a combustion chamber
inner diameter of 0.35 m. A hot wall combustion chamber module can be operated up
to a wall temperature of 1873 K. In addition, there is an electrically heated module for
constant wall temperatures up to 1475 K. Alternatively, a cold wall module guarantees
constant wall temperatures below 353 K. In addition, a narrowed section in the fixed
segment B separates the chamber into a primary and secondary combustion zone for
the post-combustion process. This allows staged combustion. Further, in this segment,
exhaust or additional air can be injected radially in four zones via nozzles. The nozzle
design is characterized by the possibility of 360° rotation along the x-axis, an individu-
ally adjustable insertion depth, as well as the interchangeability of the nozzle and thus
controllable outlet velocities and flow impulses. In addition, a second recirculation of
the exhaust gases via the oxidizer supply pipe or via the burner is possible. All modules
are identical in outer radius and length and equipped with six optical windows, three
exhaust gas-sampling positions and six temperature-measuring points. Interchangeable
burner systems up to 50 kW nominal power for industrial applications can be integrated
into the Segment 0. In addition, it is possible to test larger burners at partial load.

By using gas mixing units, these burners can be operated on the fuel-side with fuel
mixed from up to six components (CO2, CO, H2, N2, NG, CxHy) and on the oxidator-
side with a gas mixture from air, N2, O2, up to oxyfuel. The installed thermal mass
flow controllers (MFCs) are listed in Table 2. This allows the production of gaseous
conventional and renewablemixed fuels. The industrial scale burners are axiallymovable
and adjustable by 300mm. This ensures optical access to the flame over the entire length.
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Table 1. Installable segments for the combustion chamber with their temperature limitations

Four modular and three locally fixed segments (constant inner diameter of 350 mm)

Fix. Seg. 0: Front wall,with mounting for the burner, walls with high temperature lining up to
1873 K

Seg. A: Walls with high temperature lining up to 1873 K

Fix. Seg. B: Exhaust gas recirculation through 4 circular arranged nozzles (variable
diameters/angles)

Seg. C1: Electrically heated wall lining with constant temperature up to 1473 K

Seg. C2: Walls with high temperature lining up to 1673 K

Seg. D: Double wall water cooling down to a temperature ≤ 343 K

Fix. Seg. E: Taper 90° bend with exhaust gas heat exchanger up to 1473 K

Fix. Seg. 0: Front wall,with mounting for the burner, walls with high temperature lining up to
1873 K

The interchangeable burner (see Fig. 1) can be integrated into the burner block com-
bined with thermal sensor, pressure sensor and optical combustion chamber monitoring.
In the current configuration, a burner type Kromschröder BIO50 (type: HB-600-535-
(37)D) is installed. The swirl and the flame unit are retracted slightly into the flame
tube to allow optical accessibility at the flame root. The total length of the flame tube is
600mmwhile themixing unit is placed at a position of 535mm inside the tube. The heat-
ing process was carried out in two intervals of 14 h shifts with a break of 6 h between
the two days in which the channel cooled down slightly. The load profile selected in
Fig. 6 was tested. This consisted of a slow heat-up phase to 550 K in the first 5 h to allow
drying of moist components (Fig. 2).

Table 2. Installed thermal mass flow meters with their sizes and uncertainties

Fuel side

Natural gas 5 m3n/h ±0,8% of measured
value
±0,3% of final value

Hydrogen 15 m3n/h ±0,5% of measured
value
±0,1% of final value

Carbon monoxide 15 m3n/h

Methane 5 m3n/h

Carbon dioxide 10 m3n/h

(continued)
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Table 2. (continued)

Fuel side

Nitrogen 10 m3n/h

Liquid fuel 60 kg/h ±0,2% of measured
value

Oxidizer side

Air 60 m3n/h ±1,5% of measured
value
±0,3% of final value

Oxygen 10 m3n/h ±0,5% of measured
value
±0,1% of final value

Nitrogen 50 m3n/h

Fig. 1. View of the combustion chamber from the burner side, right: view of the optical assembly,
left: view of the axially adjustable burner

Fig. 2. Schematic structure of the optically accessible combustion chamber with the flow of the
exhaust gas recirculation system
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2.2 Calibration Burner

To ensure comparable values between the measurement series, the laser and camera
system has to be calibrated. The McKenna calibration burner system is used for mea-
surements in flat flames (see Fig. 3 a)), exhaust gas composition via the height above the
burner (HAB) and for calibration of the optical systems (LIF, Raman and Rayleigh). For
LIF, the camera system, intensifier and post measurement calculation have to be cali-
brated. Therefore, both a beam energy correction to compensate the laser beam intensity
over the height (e.g. via acetone LIF, as in Fig. 3 b)) and a background subtraction,
are performed. The latter is used to compensate for false light, not coming from the
combustion process to be investigated. Subsequently, a defined volume fraction of ref-
erence gas can be transferred to the combustion system via mass flow controllers and
conducted through the burner plate into the examination area. Here, individual radicals
are excited by means of wavelengths tuned to the radicals and recorded by the camera.
Thus, a correlation between reference gas composition and light intensity is possible
afterwards. With the exception of the light intensity, this correlation can be used to draw
conclusions about the measured concentration. This procedure is performed for several
calibration points to allow a better correlation.

Fig. 3. a) Calibration set-up using a burner-stabilized flat flame without nitrogen co-flow on a
McKenna burner under fuel-rich conditions in a methane flame, b) Acetone PLIF in a quartz glass
chamber for sheet intensity correction over plate of a McKenna burner

2.3 Optical Setup

The laser beam is introduced horizontally through the quartz glass windows. A camera
detects the emitted radiation vertically with optical filters and an upstream image inten-
sifier. The detailed construction can be seen in Fig. 4 and Fig. 5. For optical evaluation,
a CMOS camera system (Imager M-lite) was combined with an image light amplifier
(IRO-X) to provide vertical and orthogonal images of the flame zone and the laser light
section. An UV lens (T > 90%) and filters for OH (T ~ 80%), CH (T ~ 90%), NO (T
= 80%) and acetone-PLIF were combined. For measurements using Raman/Rayleigh
system, an imaging spectrograph could be installed. This allows the distributions of the
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main species N2, O2, H2, CO, CO2, and H2O to be studied, and subsequent calculations
to determine the relative concentration and temperature fields. For the use in combi-
nation with the combustion chamber and the expected amount of infrared radiation of
the chamber walls, a beam splitter was integrated. Suitable for heat radiation reduction
and simultaneously OH- and CH-LIF measurements an optical semi-transparent mirror
coated on both sides (R: 300–550 nm; T: 700–1400 nm) was developed. In addition,
a second optical semi-transparent mirror coated system was developed for NO-PLIF
measurements, which was adapted to the emission wavelength (R: approx. 240–290 nm
(>80%); T: approx. 310–1500 nm (>85%)).

Fig. 4. Set-up for PLIF using a ND: YAG Laser (Typ Q-smart 850, 430 mJ) with a tunable Dye
Laser (CobraStretch)

Fig. 5. Set-up for Rayleigh, Raman using a ND: YAG Laser (Typ Q-smart 850, 430 mJ) with an
imaging spectrograph for ICCD camera

3 Experiments Results

The installed burner was operated and a detailed test matrix for natural gas as fuel was
measured. In the first phase, heating and wall temperature distribution of all modules
was of importance in order to investigate the temperature differences between the com-
bustion chamber and the wall as a function of the operating time.With a low temperature
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increase, heating to the maximum temperature was then carried out in natural gas oper-
ating mode. As expected, the maximum temperature gradient decreases in the course
of the experiment (see Figs. 6 and 8). The difference between the chamber temperature
and the wall temperature in chamber A dropped from approx. 220 K to around 75 K.
However, it can be seen that the target air ratio (λ = 1/φ) was met very well and there
were only deviations in the shutdown processes. The maximum thermal input power for
the current burner setup was 48 kW (see Fig. 7) when firing natural gas with air at λ =
1.02.

Fig. 6. Measurements of the wall temperature in comparison with the target value of the heating
process

In addition, module interaction was investigated. It was found that the wall and
chamber temperature behavior in all segments was similar, and no further time delay
between chamber A and chamber C2 was measured. The system does responds fast to
changes in the flame, indicating a sufficiently low thermal inertia.

Fig. 7. Target mixing ratio of the natural gas/air mixtures with the correlating thermal burner
input power during the heating process

It should be noted, that the measured values for all measuring points were recorded
in an interval of 15 min. As expected, it can also be seen in Fig. 9 that the temperature
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of the two thermocouples located near the flame (Seg. A and Seg. B) are significantly
higher than that of the wall thermocouple in segment C1/C2.

Further it should be noted that no temperature correction for the radiationwas applied
to the graphs shown. In the future, a correction will be chosen using the Shaddix [6]
approach, which includes both the geometry and the flow velocity in the chamber. It is
worth noting that after the constriction in segment B, the temperature is significantly
lower, this is attributed primarily to a lower radiative transfer from the first to the second
combustion chamber.

Fig. 8. Investigation of the temperature difference between the internal chamber temperature and
the chamber wall temperature as a function of the process runtime

Fig. 9. Consideration of the temperature behavior of the shoring combustion chambers A to C2
as a function of the process time and the heating power shown in Fig. 7
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4 Conclusions and Future Work

A new optically accessible combustion chamber was put into operation. The first exten-
sive heating tests were carried out and the temperature distribution in the individual
combustion chambers was investigated using type S thermocouples. In addition, the
setup, the measurement procedure and the optical system were described in detail. Ini-
tial measurement results show that a preheating time of at least 7 h is required to get
the difference between the chamber and the wall below 100 K in natural gas opera-
tion, which was also the target temperature difference of the investigation. Finally, it
was shown that the maximum chamber temperature with natural gas air firing does not
exceed 1673 K within a running time of 25 h. The combustion chamber is scheduled
for three large industrial-and research projects. The topics range from development of
burner to testing of new materials to safety investigations in combination with oxy-fuel.
The first research project started in January 2021 for the development of an ultra-low-
NOX-burner operated with up to 100% H2 with regard to safety aspects. Concepts for
burner development for use in the high-temperature range with low exhaust emissions
are under preparation. In addition, scale-up approaches and standardization concepts are
developed according to the modular principle [7]. The second research project started in
January 2021 as well, under the aspect of the further development of a material concept
for partially hydrogen-fired furnaces by means of tests with hydrogen and steam atmo-
spheres at temperatures up to 1800 K. It will enable furnace and burner manufacturers to
quickly and properly identify suitable materials. At the same time, it can be determined
for which furnaces a change of fuel would be problematic [8]. Visualization of flame
position, flame volume, investigation of exhaust gas emissions, temperature regimes and
behavior in an H2-oxy-fuel burner for the glass industry [9].
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Abstract. Biomass is a renewable energy source that, due to its high seasonality,
needs to be stored, handled andmanaged in suitable conditions for its optimumuse.
Storage is, therefore, a key process in which biomass can lose much of its qualities
as fuel. The use of a good storage method will greatly reduce the economic losses
associated with energy use of biomass, and storage process can be used to improve
fuel quality. Furthermore, storing and handling biomass is highly dependent on
the type and shape of the biomass (crushed, grinded, baled, logged, pelletized,
etc.) and products are usually separated at the ground and organized by types
and characteristics, especially when there is an economic or financial advantage
between the products.

Supported by this background, the paper presents the results of the research
developed by the University of Jaen in which storage tests have been carried out on
different types of biomass (Pine, Poplar, Olive Pruning, Oil Mill Leaf, Vine Shoot,
Vine Strain, Fruit Tree Pruning, Olive pomace and Olive Stone). Such biomasses
are destined to electricity generation in a power plant located in southern Spain.
Sixty-two tests have been carried out with different storage configurations and the
evolution of the main variables within the collection (temperature, humidity and
biological activity) has been monitored.

As a result of the study, it has been proposed a simplemethodology that allows
sustainable management of the biomass park, prioritizing the use of those piles
that present risks of degradation or self-ignition.

Keywords: Biomass storage · Renewable resources · Power generation plants

1 Introduction

1.1 Biomass Storage

Biomass is a renewable energy source that, due to its high seasonality, needs to be stored,
handled and managed in suitable conditions for its optimum use.

Storage is a key process in which biomass can lose much of its qualities as fuel.
The use of a good storage method will greatly reduce losses [1], reducing in turn the
economic losses associated with energy use of biomass.
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On the other hand, other studies show that the storage of biomass in the field can be
used to improve fuel quality [2] as quality of wood changes during storage and its net
energy yield does. Furthermore, storing and handling biomass is highly dependent on
the type and shape of the biomass (crushed, grinded, baled, logged, pelletized, etc.) and
products are usually separated at the ground and organized by types and characteristics.
This separation is mainly needed when there is an economic or financial advantage
between the products.

Hence, any studymust take into account themain characteristics of biomass: density,
moisture content, particle size, cohesion, and coefficient of friction.

1.2 Main Factors Affecting Biomass Storage

The main factors affecting the quality of biomass during storage are moisture content,
granulometry, stockpile size, airflow, temperature and microbial activity.

In addition, most of the studies agree that biomass moisture content is the most
important characteristic as a crucial factor that generates temperature increases within
the stockpile, putting at risk the quality of the biomass during storage [3-6]. If the initial
humidity is high, more heat is generated inside the storage and thus the temperature rises.
In addition, this temperature increase is a determining factor for internal reactions and
the risk of self-ignition. The moisture content also increases the degradation caused by
the action of bacteria, fungi and microorganisms, in addition to the degradation caused
by chemical reactions at high temperature.

The size of the stockpiles is another critical factor.Moist biomass products should not
be stored in large accumulations because, in this case, air circulation is reduced and the
dissipationof theheat generated insidedecreases, favouring the actionofmicroorganisms
and the self-heating of the biomass.

A correct storage method may reduce losses, degradation and self-ignition risks, and
the energy quality of the fuel could be improved, taking advantage of the storage process
to optimize the net energy yield.

2 Test Campaign in Southern Spain

2.1 Purpose and Facilities

In order to assess the effect of large-scale storage of biomass resources, a study has been
carried out in an electricity generation plant located in southern Spain. To this end, a
series of field tests have been carried out with different types of biomass resources used
in the plant, observing and analysing the behaviour of these products during storage and
the changes that occur in their main characteristics [7]. The research was developed by
the University of Jaen testing ten different types of biomass (Pine, Poplar, Olive Pruning,
Oil Mill Leaf, Vine Shoot, Vine Strain, Gardening Remains, Fruit Tree Pruning, Olive
pomace).

Sixty-two tests have been carried out with different storage configurations and
the evolution of the main variables within the collection (temperature, humidity and
biological activity) has been monitored (Table 1).
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2.2 Fieldwork an Data Collection

The power plant hasmore than 4 useful hectares of biomass storage and consumes nearly
120,000 tons of different types of biomass per year. With a nominal power of 16 MW,
combustion takes place on a vibrating grate cooled by water and by the combustion air
itself. Although this plant is designed so that its biomass consumption can be composed
by 100% of olive pruning, in this plant poly-biofuel mixtures are also used.

An initial classification and differentiation among the types and sizes of stockpiles
were made:

• Large stockpiles. Those that will measure more than 50 m in length, 20 m in width
and more than 7 m in height.

• Medium Stockpiles. Those in which the length is between 20 - 50 m long, 10 - 20 m
wide and between 4 - 7 m high.

• Small stockpiles. Stockpiles with sizes less than 20 m in length, 10 m in width and 4
m in height.

In each of the new stockpiles, the weight at the beginning of storage was recorded
and random samples were taken from different parts of the material to be analysed to
obtain the following parameters:

• Initial Humidity (%). Moisture analysis is carried out according to UNE-CENT/TS
14774–1/2/3, by drying the sample in oven at 105ºC up to constant weight.

• Initial Higher Heating Value (HHV) (kcal/kg). The HHV is analysed by means of a
PAR 6000 Calorimetric Pump according to Standard UNE-EN-14918.

• Initial Lower Heating Value (LHV) (kcal/kg). According to the HHV data obtained
in the calorimetric pump and according to the UNE-EN-14918 Standard.

• Temperature control by means of a FLIR ix series Extech IRC30 Thermographic
Camera.

• Temperature evolution inside the collection. By means of a temperature probe placed
in the stockpile that informs of what is happening inside the collection.

2.3 Test Results

Table 2 shows a brief summary of the results obtained by product type, including
statistical information on the behaviour of the different variables.
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Table 1. Main characteristics of the types of biomass tested [7]

Biomass Moisture
content1

(%)

NHV
(kcal/kg)

Bulk
density
(kg/m3)

Seasonality Leafy
content

Ash
content

Volatility

Pine 30–40% 3,400–3,600 200–250 Apr-Sep Low Low High

Poplar >35% 2,800–3,000 220–300 Feb-Jul Low Low Medium

Olive
pruning

35% 3,200–3,500 120–200 Feb-Apr High High Low

Olive leaf >40% 2,600–2,900 N/A Feb-Apr Very
high

High Low

Wine
shoot

20% 2,900–3,200 200–300 Dec-Feb Low High Medium

Fruit
pruning

<20% 3,100–3,400 200–300 Oct-Mar Very
low

Medium Low

Olive dry
pomace

<15% 3,700–4,100 550–650 Apr-Jun Very
low

Very
high

High

Table 2. Summary table of biomass storage tests performed by type of product [7]

Product Nº
Tests

Mean
residence
time (days)

Mean
initial
moisture
(%)

Mean
final
mois
(%)

Mean
temp
(ºC)

Mean
initial
weight
(Tn)

Mean
final
weight
(Tn)

Mean
initial
NHV
(kcal/kg)

Mean
final
NHV
(kcal/kg)

Pine 17 170.41 25.13% 16.86% 50.36 1,050.22 977.91 3,228.40 3,546.50

Crushed
olive pruning

13 140.54 23.95% 16.90% 66.35 979.36 919.35 3,132.70 3,313.30

Olive leaf 11 087.91 32.83% 29.55% 69.54 1,345.91 1,260.42 2,809.10 2,892.00

Vine shoot 5 235.20 22.64% 13.49% 41.18 741.34 723.84 2,920.50 3,363.20

Poplar 4 211.00 29.70% 16.61% 51.08 728.33 614.07 2,878.70 3,318.70

Fruit pruning 4 294.75 16.87% 10.76% 44.5 724.53 692.94 3,503.70 3,555.10

Olive Dry
Pomace

4 252.25 13.38% 11.48% 36.25 2497.98 2,496.40 4,019.10 4,065.20

Pre-crushed
olive pruning

3 302.33 15.26% 11.38% 56.33 1522.09 1,383.23 3,495.90 3,653.60

3 Storage Management Model

Anew storagemanagementmodel has been designed, as there is a need tomanage a large
amount of stock composed of different biomasses that have different physical-chemical
characteristics.

1 Usual results of moisture analysis carried out according to UNE-CENT/TS 14774–1/2/3
Standard.
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Methodology should be simple and should allow sustainable management of the
biomass park, prioritizing the use of those stockpiles that present risks of degradation
or self-ignition. The moment of the end of storage of the product will be marked by:

• Evolution and optimal status of the biomass in the stockpile during the storage period.
• Conditions and characteristics of entry at the start of storage.
• In equal conditions, FIFO (First IN – First OUT).

The proposed model considers five key factors (Moisture content, Residence time,
Herbaceous component, Temperature, Stockpile size and Granulometry) for biomass
management and uses, for each of them, prioritization criteria defined by experience and
field tests (see example in Table 3).

Table 3. Priority criteria according to the moisture content.

Biomass type Initial moisture content

5,00% 15,00% 25,00% 35,00% 45,00%

Pine 1,10 2,20 3,60 5,20 7,00

Olive Tree pruning 1,10 2,40 3,90 5,60 7,50

Olive tree leaf 1,20 2,60 4,20 6,00 7,50

Vine branches 1,10 2,20 3,60 5,20 7,00

Poplar 1,10 2,20 3,60 5,20 7,00

Fruit tree pruning 1,10 2,20 3,60 5,20 7,00

Vine trunk 1,10 2,20 3,60 5,20 7,00

Gardening residues 1,10 2,40 3,90 5,60 7,50

Dry Olive pomace 1,10 2,60 4,20 6,00 7,50

Finally, weighting values are assigned to each of the factors according to their impor-
tance in biomass degradation, and the stockpiles inside the park are then sorted according
to their consumption priority. The collection with the highest consumption priority is
the one with the highest score (see Figs. 1 and 2).
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Fig. 1. Table of priorities (example).

Fig. 2. Example of the Priority Map used to manage the biomass storage park.

4 Conclusions

The management of a biomass storage park, especially when multiple biomass products
are used, is a key process in power generation activities. It must establish the size of the
stockpiles according to the type and characteristics of the products and the piles must
be monitored to analyse the evolution of the biomass during the storage time, in order
to be able to consume it at the optimum time.
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The proposed management model, based on extensive fieldwork, makes it possible
to prioritise stockpiles in the park and optimise biomass consumption ratios, minimising
the risks of degradation and self-ignition in the park.

One of the most important characteristics of this model is that it is simple to imple-
ment, and very versatile. Mainly because it is based on assigning values of importance
to the main factors that influence the storage of each of the biomasses used, and can be
adapted to each type of storage facility, to each biomass and to the different ways of
working of each one.
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Abstract. Soil contamination causes several environmental problems such as
contamination of water resources, desertification, contamination of food crops,
which, directly or indirectly, may bring health problems to humans. Therefore,
there is a need to decontaminate the soils. Phytoremediation, the decontamina-
tion using plants, is an interesting alternative, especially when energy crops are
adopted. Most of the energy crops are considered tolerant to contaminated soils,
and the action merges the economical exploitation of the biomass for bioenergy
or biomaterials, bringing additional income, with the decontamination action.
Moreover, its use brings additional environmental returns, such as, the reduc-
tion of greenhouse gases and fossil energy savings, thus serving to combat cli-
mate change. In addition, phytoremediation with energy crops may bring to rural
areas social benefits, and its launch on contaminated land, reduces competition
for feed and food and land-use conflicts. However, the soil marginality and affect
the productivity and biomass characteristics, threatening the environmental ben-
efits and the economic value. In this context, it was reviewed the production of
these crops in heavy metal contaminated soils, with a focus on the environmental
aspects and the technological hindrances related with biomass quality. Ultimately,
a critical evaluation of the literature data is made, and menaces and prospects are
highlighted.
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1 Introduction

Soil contamination, resulting from several anthropogenic activities, deserves attention
due to the impacts caused to the environment [1]. Indeed, soil contamination causes
threats and several environmental problems such as contamination of food crops and
water resources, desertification, among others, which can, directly or indirectly, can
cause health problems for humans [1–4]. Remediation of the soils will help to solve these
situations, and several techniques can be applied (chemical, physical, and/or biological).
The decontamination process can be done through the use of plants (phytoremediation),
for example through the implementation of energy crops [2]. This option is valid, once
these crops tolerate soil contamination, being able to remediate the soils, along with the
production of a biomass that can be used for bioenergy or biomaterials, bringing addi-
tional revenue to farmers [3, 5–12]. Moreover, the introduction of these energy crops
in contaminated soils brings environmental, namely because its use can help reducing
greenhouse gases and provide fossil energy savings, in line with the climate change
combating goal [13, 14]. Moreover, the establishment of energy crops on land contami-
nated, reduces the conflicts of land-use change once these soils are not exploited for food
and feed [13, 15–17]. Several species can be grown to generate energy. Lignocellulosic
crops are interesting crops. They provide high biomass production and energy content
[7, 8, 18, 19]. Oil crops, rich in fatty acids, can be used to replace fossil feedstock’s,
namely surfactants, plastics, plasticizers, lubricants, detergents and other products, [20].
However, the soil marginality can affect the amount of biomass produced per land area
and the characteristics of the biomass, with effects on the environmental savings and
economic value [21, 22]. In this context, the aim of this work was to review current
information on the production of energy crops in heavy metal contaminated soils, with a
focus on the technological constraints and environmental gains associated with the use
of a biomass harvested from contaminated land. Ultimately, a critical evaluation of the
literature data is made, and menaces and prospects are highlighted.

2 Energy Balance and Potential Reduction of Greenhouse Gases
Emissions

Establishing crops on contaminated land contributes to trap CO2, consequently GHG
emissions balance in a value chain can potentially be reducedwhen comparedwith fossil-
based value chains. In addition, use of contaminated land for the production of biomass
for biofuels, power and heat, and biobased materials, can reduce the impact associated
with the use of fossil-based resources, which can reduce the fossil based energy depen-
dence. Indeed, the use of energy crops for bioenergy, biofuels or for biobased products
may help to replace or conserve fossil fuels.

Environmental performance of energy crops produced in contaminated land, in terms
of reduction of greenhouse gases and energy savings, is dependent on crop yield, the
amount of inputs (e.g. fertilizers, irrigation, among others), and the processing options
(for energy, biomaterials, etc.) [23–26].

In each process, the energy balance can be calculated by subtracting the energy
input to the potential energy produced. Also, the reduction of greenhouse gas (GHG)
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emissions can be calculated by estimating the amount of carbon captured during the
photosynthesis and the amount released during the cultivation, processing and use. In
this evaluation, other contributing gases to GHG emissions are also accounted (e.g. N2O
and CH4) [23, 25].

Several works involving perennial crops to bioenergy, growing in contaminated soils,
indicated that the energy balance tails the yields shape, being higher, when yields are
higher, and the opposite when yields are reduced due to the toxicity of the contaminated
land. Yet, most of the studies indicate that the production and use of those crops for
bioenergy will allow to save a significant amount of fossil energy. This was reported in
thework ofGomes and collaborators [23]. In thiswork, the energy balance of switchgrass
cultivated in contaminated soils as solid fuel in a combustion process was determined.
Results show a positive energy balance in the range 154–310 GJ/ha. The same positive
balancewas observedwithMiscanthus cultivated in contaminated soils as solid fuel [24].
The reduction in yields affected also negatively the energy balance in thework of Schmidt
et al. [25], that tested different perennial crops (Miscanthus, switchgrass, giant reed and
cardoon) in marginal soils of Europe. Results from this work also show that the use of
these crops for heat and power production in a small CHP, present energy savings, even
when biomass was cultivated in marginal soils, and that Miscanthus performed better,
followed by giant reed, cardoon and at the end switchgrass. Schmidt et al. [25], in their
work also compared the energy balance associated with different processing options.
And results showed that combined heat and power production presented the best savings.
Stationary heat production also presented a good balance. Second-generation ethanol,
1,3-propanediol and biochar production showed worse results. Results presented in the
literature for the global energy requirement (GER) concerning industrial application of
fiber crops (e.g. hemp, kenaf), show that bio-based products may require more or less
GER than the non-renewable-based material, depending on the choice of this reference
material [26]. For example, production of insulation board from kenaf-fibers or flax rolls
consumes less energy than polyurethane and more energy than stone wool, paper wool
and mineral wool [27].

Concerning the reduction of greenhouse gas (GHG) emissions, use of perennial
grasses for bioenergy can save an average of 5, 18 and 36 MgCO2-eq per ha per year,
when used to produce, respectively, ethanol, electricity and cogeneration, or heating
generation [28], similar to sorghum (sugar crop), and higher than fiber crops. And even
when crops are being cultivated in contaminated soils, literature indicates that the use
of perennial crops (e.g. switchgrass) as solid fuel is relevant to reduce GHG emissions
[23].

However, the toxicity burden from the contaminated soils can significantly affect
yields, and energy balance and GHG emissions can be affected to a level that will not
represent energy savings or emission reductions [3]. In fact, commonly, yields obtained
in contaminated land are lower than in non-contaminated land [11, 12, 23, 25, 29].
This is because contaminated soils are also, frequently, deprived of organic matter and
exhibiting losses in structure and holding capacity [3]. Lower yields reduce the amount
of fossil energy saved/conserved, and the amount of GHG emissions saved, limiting the
opportunities associated with the cultivation of energy crops in contaminated land [24,
30]. When the degree of land contamination is low and does not bring toxicity, or, when
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the contaminants present low mobility, which will limit consequences on the plants,
yields will not be affected and the resulting energy savings and GHG emissions savings
will be secured [9].

3 Soil Function Restoration

The cultivation of energy crops in a contaminated soil presents several prospects, con-
nected with the repair of soil properties (namely fertility and structure) and with the
avoidance of conflicts on land use for food and feed. In fact, the presence of a vegetative
cover and the assimilation of crops residues into soils will contribute to improve soil
organic matter, will help to control soil erosion and will support boosting biodiversity
and landscape diversity [3]. But, on the other hand, the lower yields obtained in contam-
inated land will bring the need to a higher area to produce the same amount of biomass
feedstock for processing and use [23]. When considering postmining land, remediation
may be scatter and not contiguous, which will bring heterogeneity to the landscape,
enriching it [23].

Cultivation of energy crops in contaminated land will also help decreasing the soil
degradation and contamination [11, 31]. The practice of using plants and their associ-
ated microbes, for soil decontamination, represent an opportunity, that is cost-effective,
and solar-based and that will also contribute to amend the environmental risks associ-
ated with contamination [1, 2]. Energy crops present remediation features, namely high
biomass, high tolerance to contamination, need of low inputs, and capacity to stabilize
or reduce the degree of contamination in polluted soils. Short rotation coppices (e.g.
willow and poplar), perennial crops (e.g. giant reed, miscanthus, switchgrass), annual
crops (e.g. rapeseed, sunflower, Ethiopian mustard, hemp, kenaf) have demonstrated
the ability to uptake metals or to biodegrade organic contaminants [3, 32, 33]. When
time is an important factor to choose a technique to decontaminate soils, it should be
taken into account that phytoremediation (phytoextraction, contaminants uptaken by
the aerial fraction of crops – the harvested fraction, taken out from the field) is not an
instant remediation technique. In fact, many years are needed to clean contaminated
sites just by using phytoextraction (but phytoextraction can be applied with other treat-
ment technologies, to help reducing the time needed for decontamination) [3, 31]. In
the phytoextraction process, plants accumulate metals from soil in the biomass and its
subsequent harvest, will contribute to the alleviation of the contamination of the soils
[3]. Tolerance mechanisms presented by energy crops are usually linked with the accu-
mulation of the contaminants in the belowground biomass and its reduced translocation
to the harvested biomass [11]. This aspect represents also another opportunity, once the
quality of the harvested biomass will present characteristics fitted to be exploited for
bioenergy and biobased products.

4 Concluding Remarks

The phytoremediation of contaminated soils with energy crops represents an opportunity
when compared to the derelict contaminated soils or to the traditional physical and
chemical remediation techniques. From an environmental perspective, the restoration
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of the contaminated soil will contribute to restore the land ecosystem services. From
an economic point of view, but also from an environmental point of view, these energy
crops can be used to replace fossil-based resources, either for bioenergy or for biobased
products, which will provide additional revenue to owners. Moreover, economically,
phytoremediation is also less costly than other traditional remediation techniques and
presenting less harmful environmental effects. Advantages and constraints associated
with the production of energy crops in contaminated soils are depicted in Fig. 1.

Fig. 1. Advantages and constraints associatedwith the production of energy crops in contaminated
soils.

The revised literature shows that cultivating energy crops in contaminated soils have
positive and less positive aspects compared with its production in non-contaminated
soils. The productivity loss may reduce the energy and the greenhouse savings, but it
may recover the quality of soil and waters and the landscape and biological diversity
of those soils. The compilation of results presented in this work and future works that
can show how combating climate change with phytoremediation is possible, should
be clearly disseminated to several audiences and stakeholders (industry, cooperatives,
farmers, etc.). It is important to indicate to farmers how they can add value to marginal
and contaminated soils, through the production of industrial crops. The promotion of
the achieved research and the developed guidelines will foster innovation and rural
renaissance and will help to provide long-term benefits for the whole society. More-
over, dissemination actions will help to show that the introduction of industrial crops
in contaminated soils will help to reduce competition for feed and food and land-use
conflicts.
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Abstract. In last decades,more eco-friendly cements have been studied to replace
the conventional Portland cement. The most prominent binders have been alkali-
activated materials or geopolymers. These materials are obtaining good results
in terms of mechanical resistance, durability and thermal conductivity. But its
behaviour depends on the origin of the raw material and the activator used.

A comparative study has been developed using two different slags: copper slag
(CUS) and ferrosilicon slag (FES); and biomass bottom ash (BBA) as precursors.
Raw materials were characterized using Fourier transform infrared spectroscopy
(ATR-FTIR) and X-Ray Diffraction (XRD). The CUS and FES waste were used
individually and mixed with BBA. They were activated with a solution of 65% wt
K2SiO3 and 35% wt KOH (8M). The curing stage was carried out in a climatic
chamber at 20 ºC and 90% RH for 1, 7, 28 and 90 days. Mechanical and thermal
tests were performed on specimens, and compared with OPC paste specimens.
Besides alkali-activated cement manufactured were analyzed using ATR-FTIR.

Results show that depending on the origin of the slag, some properties can be
improved by adding biomass ashes. In particular, alkali-activated cements manu-
factured mixing FES and BBA, mechanical properties are improved. However, in
the case of CUS, they obtained better results when they were used individually.

Keywords: Alkali activated cements · Bottom biomass ash · Ferrosilicon slag ·
Copper slag

1 Introduction

Newmaterials to replace ordinary Portland cement have been appearing, although mate-
rials with best results are alkali activated materials or geopolymers [1]. They have devel-
oped good mechanical strength, durability properties and low thermal conductivity [2,
3]. These materials are formed by a precursor and an alkaline activator. Properties devel-
oped depend on raw materials selected [1]. Materials from different sources, natural and
residues, have been used, but researchers are more interested in using waste to reduce
landfills and CO2 emissions [3].
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One of the most investigated raw materials have been slags [4–6]. Slags are a by-
product from metallurgical industry, one of the largest producers of waste, which it
has seen its production increase in recent years, in the case of copper [7]. The world
copper production is about 20.8 million tons [8]. In Spain, 600,000 ton/year of CUS
are produced [9]. Copper slag (CUS) is a by-product generated in the copper extraction
and treatment processes such as blowing, refining and smelting. The latter process in
particular produces the largest amount of copper slag [10]. It is estimated that in the
production of 1 tonne of copper, between 2 and 3 tonnes of copper slag are produced
[11–13]. One of the reasons for not being able to reuse copper slag is that one of its major
components, fayalite, produces silica gel during its dissolution process [14]. Ferrosilicon
slag (FES) is a by-product material of silicon and ferrosilicon industries after smelting,
cooling and reducing procedures high-purity quartz using coal in an electric arc furnace.
As a result, irregular shape of particles of various sizes rich in silica minerals is obtained
[15]. The production of ferrosilicon slag is estimated between 0.9 and 2.2 tonnes of slags
for each ton of material produced [12]. In Spain 200,000 ton/year of FES are generated
[12]. Ferrosilicon slag has a high amount of free silicon, so given its low cost, it is used
in steel-making and Portland cement industries [6].

Besides, it is betting on energy of biomass origin, which represents 70%of renewable
energy produced and 6% of the total primary energy [16]. The cement consumption in
Spain is 15 million ton/year [17]. The use of slag generated in the copper and ferroalloy
industry, togetherwithwaste generated in biomass energy production in the production of
alkaline activated cements, could considerably reduce cement consumption, especially
in areas close to the production of these wastes. The production of these new binders
would not only save natural rawmaterials but also energy consumption. Slags of different
origins have been used as a source of aluminosilicates both individually [18] and mixed
with other wastes, mainly fly ash [19], to a lesser extent bottom ash [20]. In this study
have been used CUS and FES, and they were mixed with biomass bottom ash (BBA).
This ash is generated after combustion of pine, olive pruning and olive pomace in electric
power plant.

The target of this study is to take advantage of the metallurgical slag, together with
the waste generated from production of biomass energy, reducing the cement consump-
tion considerably and landfill. Different pastes were synthetized using 100% wt of raw
material and mix 50% wt of each precursor. Portland cement paste was manufactured
as a control paste. Binder manufactured were characterized by ATR-FTIR, mechanical
strength and thermal conductivity.

2 Materials and Methods

2.1 Raw Materials

Biomass waste and by-product of metallurgical industry were used as raw materials in
this study. Copper slag (CUS) was supplied by Atlantic Copper, sited in Huelva (Spain).
These slags are generated in the refining process of copper [21]. Ferrosilicon slag (FES)
was provided by Ferroatlántica, located in A Coruña (Spain). They are produced in the
process of smelting ferrosilicon [15]. Biomass bottom ash come from an electric power
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plant, Aldebarán Energía del Guadalquivir in Andújar (Jaén, Spain). All precursors were
ground below 100 μm.

Chemical composition of raw materials is shown in Table 1, and it was obtained by
X-Ray fluorescence (XRF) using a Philips Magix Pro model PW-2440. FES is formed
mainly for SiO2 and CaO, and significant content of Al2O3 and MnO. In the case of
CUS, predominant component is Fe2O3, with high value of SiO2. The main component
in BBA is SiO2, with important quantities of Al2O3 and CaO.

Table 1. Chemical composition of precursors.

SiO2 Al2O3 Fe2O3 CaO MgO MnO Na2O K2O SO3 LOI

FES 38.92 13.53 0.81 26.22 4.74 10.31 0.39 1.28 2.20 0.00

CUS 27.65 2.04 62.18 1.25 0.38 0.03 0.63 0.56 0.90 0.00

BBA 46.10 12.04 4.78 19.65 3.71 0.09 0.78 4.59 0.41 5.58

Crystalline mineralogical phases of raw materials were identified by X-Ray diffrac-
tion (XRD) by Empyrean equipment with a PIXcel-3D detector from PANalytical using
Cu K radiation (λ = 1.5406 Å) at a voltage of 40 kV and an amperage of 40 mA.
High amorphous structure was found in the diffractogram of FES and CUS. FES
present manganese oxide (Mn3O4), quartz (SiO2), dolomite (CaMg(CO3)2) and aker-
manite (Ca2Mg(Si2O7)) as crystalline mineralogical phases. In the case of CUS, fayalite
((Fe2+)2SiO4) and magnetite (Fe3O4) are the phases identified. In BBA were identified
peaks of quartz, calcite (CaCO3), lime (CaO) and aluminosilicates.

2.2 Manufacture of Pastes

Precursors were used in different proportion following the structure: 100% wt of pre-
cursor, and 50% wt ashes with 50% wt slags (Table 2). Raw materials were put into a
mixer and they were mixed for 90 s. After, the activator solution was poured. In this
study, the activator used was a mix of 65% wt KOH (8M) and 35% wt K2SiO3, and the
liquid/solid (l/s) ratio is showed in Table 2. The activator and precursors were mixed for
90 s. Then material on the wall of mixer were removed with a scraper. Fresh pastes were
poured into prismatic steel moulds (60 × 10 × 10 mm) for mechanical properties and
cylindrical plastic moulds (φ 55 mm) for thermal properties, and they were placed in a
climatic chamber at 20 ºC and 90% RH. After 24 h, pastes were demoulded and they
were stored in climatic chamber at same conditions. Mechanical and physical test were
developed at 1, 7, 28 and 90 days of curing and thermal conductivity at 28 days. As well
alkali-activated cements were characterized by ATR-FTIR at 7 days of curing.

3 Results and Discussion

3.1 Mechanical Strength

Mechanical strength results are shown in Fig. 2 (flexural strength) and Fig. 3 (compres-
sive strength) over time of curing. The best value for flexural strength in alternative pastes
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Fig. 1. Diffractograms of raw materials: a) FES, b) CUS and c) BBA.

Table 2. Alkali-activated cements manufactured and codes.

Code % wt ash % wt slag Slag used l/s ratio

100FES 0 100 FES 0.60

50BBA-50FES 50 50 FES 0.60

100CUS 0 100 CUS 0.35

50BBA-50CUS 50 50 CUS 0.35

100BBA 100 0 – 0.60

OPC 100% OPC – 0.50

was obtained by 100CUS after 90 days of curing, around 9 MPa This value is higher
than those obtained by other authors using CUS [22] and it is not far from the flexural
strength obtained for control paste 100OPC (9.4 MPa). Near this value, around 8 MPa
was achieved when CUS were mixed with BBA. Flexural strength value for 100FES
was very poor, although resistance improved when they were mixed with BBA. They
even exceeded the flexural value of 100BBA. The different trend registered for 100 FES
could be due to superficial fissures that they were identified with the naked eye. These
cracks weakened samples, making it less resistant to flexural strength.

Compressive strength results shown valueswith the same trend than flexural strength,
except using 100%wt of FES. In this case, the compressive strength was high without to
mix them with BBA. The compressive strength increases with curing time. The highest
value after 90days of curingwas achieved for 100CUS (60MPa). Followedby specimens
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Fig. 2. Flexural strength over time for pastes manufactured.

50BBA-50CUS (45 MPa) and 100FES (40 MPa). Mixing FES and BBA were also
obtained high values (30 MPa). Values obtained for 100FES were better than other
authors. For instance,Ahmed et al. registered between 4–6MPa using different activators
with 100% wt of FES [6]. 100CUS, 50BBA-50CUS and 100FES samples exceeded the
OPC resistance (34 MPa) at 90 days of curing, even 50BBA-50FES stayed close to
this value. 100OPC results are lower than other studies [23, 24] due to a high l/s ratio
was used [24]. Even so, 100CUS specimens reached greater compressive strength than
that obtained by these authors for Portland cement specimens. The difference in the
mechanical properties could be due to the difference in densification of the specimens
depending on the slag used, or the mixture slag-ash, as well as the amount and type of
geopolymeric gel formed.
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Fig. 3. Compressive strength over time for pastes manufactured.
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3.2 FTIR

ATR-FTIR results are represented in the Fig. 4 for specimens at 7 days of curing. The
characteristic bands of alkali activatedmaterials were identified between 945–962 cm−1.
These bands belong to Si-O-Si and Si-O-Al bonds [25, 26] indicating that the process of
geopolymerization or alkaline activation has taken place. O-H bonds were found centred
at 3200 cm−1 and 1645 cm−1, they are attributed to water molecules, they are necessary
to geopolymerization process [6]. At 1412 cm−1 was found a band correspond to C-O
bonds, presence of (CO3)−2 [5], it not found for 100CUS. A band centred at 875 cm−1

was identified attributed to C-O-C or Si-O-Fe bonds [20].
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Fig. 4. ATR-FTIR spectrograms of alkali activated cements at 7 days of curing.

3.3 Thermal Conductivity

Values of thermal conductivity at 28 days of curing are presented in Fig. 5. All speci-
mens obtained better results than results obtained using conventional Portland cement
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(0.44W/mK), and compared with data from other authors [23, 27, 28]. However, the best
value was achieved for 100CUS (0.25 W/mK). Nevertheless, the thermal conductivity
of the remaining specimens was between 0.30–0.31 W/mK, indicating the insulating
capacity of these alkali activated cements.
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Fig. 5. Thermal conductivity of alkali activated cements at 28 days of curing.

4 Conclusions

A comparison of behaviour of alkali activated materials from different sources was
developed. Best materials after 90 days of curing was using 100% wt of CUS: flexural
strength was 9 MPa, and compressive strength of 60 MPa, exceeding values reached by
OPC. 100 FES specimens presented problems of cracks, for this reason flexural strength
result were very low.

The effect to replace slags by BBA was also analysed:

• BBA + FES: Final flexural strength improved; but compression strength decreased.
• BBA + CUS: Mechanical properties got worse. Although results were satisfactory.

ATR-FTIR results confirmed the presence of geopolymeric gel formation along the
curing time for all specimens (Si-O-T bonds). Besides values of thermal conductivity
obtained were very low and better than OPC, revealing the insulating capacity of these
materials. From the results, these wastes can be used as rawmaterial for the manufacture
of alkali activated cements as alternative to ordinary Portland cement.
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