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Abstract
The generation and management of wastes constitute today one of the major challenges of societies due not only to the huge 
amounts that are produced, but also to the need of implementing new treatments that can be more sustainable at an envi-
ronmental level. The present work explored the production, management and policies adopted in the treatment of relevant 
typologies of solid wastes in Portugal, in particular, municipal solid wastes and construction and demolition wastes and 
sewage sludge, and tried to quantify the energetic potential that can be achieved through gasification processes. In addition, 
a techno-economic study to evaluate the feasibility of the construction and operation of a small-scale gasification plant was 
also developed. Results indicated that there are various methods which are considered more sustainable for the treatment 
of such wastes like bio-digestion, pyrolysis and gasification, and which may replace the current techniques of incineration 
or landfilling that are largely adopted but have caused a number of problems to communities and also to the environment. 
It was identified a huge potential to valorise these wastes to obtain electricity through gasification, since a significant por-
tion of them are currently disposed of or eliminated in inadequate ways. The economic analysis revealed that it is possible 
to implement a small-scale gasification plant with financial viability and possible attractive economic results for investors. 
Construction of these units located in strategic points over the country may contribute for a more sustainable treatment and 
valorisation of solid wastes.

Keywords  Construction and demolition wastes · Municipal solid wastes · Waste management · Gasification · Economic 
analysis
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Abbreviations
C&DW	� Construction and demolition waste
CapEx	� Capital expenditures
CRCD	� Commission for regional coordination and 

development
EU	� European Union
ICE	� Internal combustion engine
IRR	� Internal rate of return
LHV	� Lower heating value
MSW	� Municipal solid waste
NPV	� Net present value
OpEx	� Operational expenditures
PP	� Payback period
RDF	� Refuse-derived fuel
SWM	� Solid waste management
SS	� Sewage sludge
UNEP	� United Nations Environment Programme
USA	� United States of America
WTE	� Waste to energy
WWTP	� Wastewater treatment plant

Introduction

The accelerated growth of industries and the expansion of 
metropolises have impacted the environment in many ways. 
Over the past years, a lot of major natural disasters were 
witnessed. Therefore, it is extremely important to raise 
awareness in society on the importance of environmental 
protection. Meanwhile, there are many cities which have 
found ways in order to be smart/sustainable cities. Smart 
city is a concept used to define a city which adopts technolo-
gies in order to enhance well-being and prevent depletion 
of natural resources (Snow et al. 2016). Besides, these cit-
ies pursue the development of systems that provide energy 
savings. According to Gutierrez et al. (2015), city managers 
are working towards the goal of improving both operational 
efficiency of public municipal services and the quality of 
people’s life.

Solid waste management (SWM) is one of the biggest 
issues that put difficulties to create successful strategic urban 
plans in cities (Vecchi et al. 2016). The production of waste 
from human activities is increasing annually and the differ-
ent types of waste are classified according to their origin, 
composition and danger, among other criteria. Some of the 
various classes of solid wastes are municipal solid wastes 
(MSW), domestic wastes, industrial processing wastes, com-
bustion ash, sewage sludge (SS), commercial wastes, street 
sweeping, hospital wastes, and construction and demolition 
wastes (C&DW) (Viegas 2012). Since inadequate waste 
collection systems along with improper waste disposal can 
induce great impacts on the environment, SWM is a key 
factor of successful sustainable development (Cavdar et al. 

2016; Vecchi et al. 2016; Alfaia et al. 2017). Some of the 
main functional elements of SWM are the generation, stor-
age, collection, transportation, processing, recycling, and 
disposal of wastes (Khan and Samadder 2014).

The European economy conception is largely linear, 
and this results in negative impacts for the environment 
and human health, as well as in inefficient use of natural 
resources. Considering the challenges for waste manage-
ment, a Circular Economy was developed to integrate both 
economic activity and environmental well-being in a sustain-
able way. Moreover, moving to a Circular Economy would 
deliver benefits at economic, social and environmental levels 
(European Parliament 2017).

Circular Economy is a strategy developed to integrate 
both economic activity and environmental well-being in a 
sustainable way. Basically, its definition is: ‘an economy 
which balances economic development with environmen-
tal and resources protection’ (United Nations 2006). The 
main goals are to ‘design out’ waste with a view of returning 
nutrients and recycling durables, and also to make use of 
renewable energy to power the economy. This idea focuses 
on optimising entire systems rather than their individual 
components (Murray et al. 2017). The United Nations Envi-
ronment Programme report (UNEP) suggests that features 
of the Circular Economy must include low consumption of 
energy, low emission of pollutants and high efficiency. It 
involves the application of Cleaner Production in companies, 
eco-industrial park development and an integrated resource-
based planning for development in industry, agriculture and 
urban areas (United Nations 2006; Murray et al. 2017).

The waste hierarchy aims to improve the sustainability 
of waste management operations by applying a priority 
order for them; in this way, this hierarchy prioritizes the 
prevention, reuse and recycling of wastes over their disposal 
(Asian Development Bank 2018). Therefore, the 3R strat-
egy (reduce, reuse and recycle) embeds the principles of the 
circular economy. The European Union Waste Framework 
Directive 2008/98/EC (European Parliament and Coun-
cil 2008) sets the basic concepts and definitions related to 
waste management and introduces recycling and recovery 
targets to be achieved by 2020 for household waste (50%) 
and construction and demolition waste (70%). Moreover, the 
application of 3R aspects on waste management makes it 
possible to achieve considerable savings on energy and non-
renewable natural resources. Studies indicate that depending 
on the process of recycling, C&DW has potential to increase 
energy savings in about 20–40% (Dahlbo et al. 2015; Men-
doza et al. 2017).

This paper reviews some aspects of the current status of 
SWM in Portugal, giving special focus on the production 
and management of MSW, C&DW and SS. The paper also 
explores the potential of valorisation of these wastes into 
energy through the use of gasification processes, and at the 
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end, a techno-economic study for a small-scale gasification 
plant to be integrated in a waste management company is 
performed, in order to determine its economic feasibility and 
to define new solutions that can be more environmentally 
sustainable instead of adopting less advantageous practices 
like landfilling and incineration. The present study was per-
formed in Polytechnic Institute of Portalegre, Portugal, and 
was finalised in 2019.

General characteristics of waste 
management

The amount of generated waste has increased due to the 
population and urbanisation growth, to the development 
of manufacturing industries and to the migration of people 
from rural areas to urban centres. Therefore, an efficient, 
effective and equitable SWM service plays a key role in the 
process of sustainable development. This chapter covers the 
properties, production and management of MSW, SS and 
C&DW.

Municipal solid waste

MSW is one of the major environmental issues in the world 
once its inadequate management causes environmental pol-
lution that contributes for the climate change. This pollution 
is associated with the release of harmful substances during 
waste treatment and disposal, for example, the generation of 
dioxins and furans originated from incomplete combustion 
of wastes. Therefore, MSW management is a basic and fun-
damental service provided by municipal authorities (Teixeira 
et al. 2014; Cavdar et al. 2016; Onyanta et al. 2016).

MSW includes domestic waste and waste generated from 
commercial establishments, services sector and other wastes 
similar to the domestic ones (Viegas 2012); it contains a 
variety of materials and end-of-life products. Its physical 
composition broadly includes organic material, paper and 
cardboard, plastic, glass, and metals (Vecchi et al. 2016; 
Alfaia et al. 2017; Martinho et al. 2017).

The European society has grown wealthier with a sig-
nificant consumerism paradigm, producing more waste than 
ever before. The average amount of MSW generated by each 
of about 512 million inhabitants in the European Union (EU) 
was estimated to be 477 kg per person, during all the year of 
2015 (Malinauskaite et al. 2017). The consumption of goods 
and energy is increasing due to the growth of population and 
rising standards of living. Therefore, the EU calls for waste 
management to be transformed into a more sustainable mate-
rial management which embeds the principles of the circular 
economy (Malinauskaite et al. 2017).

Due to the rapid depletion of fossil fuel reserves, MSW 
has been identified as an alternative energy source for miti-
gating the future energy crisis since it is composed by a 
high fraction of organic compounds that improve its calo-
rific properties. According to Ng et al. (2014), MSW treat-
ment can reduce environmental impacts and replace a part 
of primary energy currently supplied by fossil fuels, con-
sidering appropriate waste management practices. Within 
this framework, a variety of processes and technologies 
promoted the appearance of different solutions for MSW 
treatment (Magrinho et al. 2006). Therefore, MSW has been 
studied as a potential energy source that can be used either 
for electricity or heat generation and has been considered 
economically viable and environmentally sustainable (Ng 
et al. 2014; Kumar and Samadder 2017).

Waste-to-energy (WTE) technologies convert waste 
materials into other types of fuels for energy generation by 
using thermal or biological processes. However, in many 
occasions, this conversion is preceded by appropriate pre-
treatments like drying, milling and separation, in order to 
prepare residues for an efficient conversion. There are vari-
ous technologies which are used to convert solid waste and 
biomass into useful energy. The major three technologies 
that can be mentioned are: (1) thermal conversion (incinera-
tion, pyrolysis and gasification); (2) biological conversion 
(anaerobic digestion and composting); and (3) landfilling 
with gas recovery (Kumar and Samadder 2017). Gasifica-
tion, for example, is a well-known technology that involves 
the thermal degradation of biomass and organic solid waste 
under an oxygen-poor environment, producing a synthesis 
gas (syngas) which is considered a good source of energy.

Sewage sludge

SS can be included in the MSW category since it is a sub-
product obtained during municipal wastewater treatment. 
Proper management practices applied for this type of waste 
would prevent pollution and environmental impacts (Ciesl̈ik 
et al. 2015; Carrilho and Carvalho 2016). The conventional 
activated sludge process yields primary sludge in a settling 
tank, and the excess of activated sludge produced in an aer-
ated tank is commonly referred by sewage sludge (Zhang 
et al. 2017). In short, every insoluble or absorbed impuri-
ties in wastewaters are accumulated in sludge as contami-
nants. The solid particles are a biologically active mixture 
of water, organic matter (proteins, carbohydrates, fats and 
oil), inorganic and organic toxic contaminants (e.g. metallic 
trace elements and polycyclic aromatic hydrocarbons) and a 
wide variety of living and dead microorganisms (including 
pathogens) (Kacprzak et al. 2017; Syed-Hassan et al. 2017).
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Biological wastewater treatment plants (WWTP’s) have 
been employed throughout the world to treat municipal 
wastewater. Although it is an efficient process to remove 
organic material, a large amount of sludge is generated. 
The average annual production of excess sludge is 240 mil-
lion wet tons in Europe, USA and China when combined 
together. The main methods for sludge disposal are landfill-
ing, agricultural use and incineration, all incurring in very 
large costs (e.g. €30–100 per wet ton in Europe) (Wang et al. 
2017).

Despite the fact that some quantity of sludge is routinely 
recycled within the treatment facility process in order to 
optimise operations, huge quantities of sewage sludge have 
to be removed from wastewater treatment plants and subse-
quently have to be correctly managed. In this context, sew-
age sludge may be a resource to meet the demand for renew-
able energy due to a rich composition in organic matter, 
and which gives it interesting calorific properties (Kacprzak 
et al. 2017).

In order to promote a pro-ecological management of 
sewage sludge, many directives have been introduced in the 
European countries which are based on methods leading to 
waste stabilization and safe recycling, legislation, programs 
and developmental strategies (Cies̈lik et al. 2015). These 
methods may consequently lead to the recovery of valuable 
raw materials from potentially dangerous ones, in order to 
enable their use in agriculture, industry or heat and energy 
recovery.

There are two main directions for SS management. In the 
first one, the organic recycling is associated with the use of 
this waste as a fertilizer and soil formation, namely in agri-
culture (direct use as soil fertiliser), reclamation (to restore 
degraded land), and composting (production of compost for 
soil fertilisation). On the other hand, SS management may 
be carried out through the recovery of energy and materials 
since it presents good fuel properties and mineral fractions 
for use after thermal transformation. These recovery tech-
nologies include incineration (in plants designed only for 
thermal treatment of sludge as a main feedstock), alternative 
thermal methods (for solid fuel production) and co-incinera-
tion (in cement plants, energy sector and waste incineration 
plants) (Cies ̈lik et al. 2015; Kacprzak et al. 2017).

Construction and demolition waste

The waste originated from the building of new structures, 
renovation, repair, demolition works, and infrastructure 
development projects is widely known as C&DW (Mar-
zouk and Azab 2014). This waste is generated worldwide as 
the result of the increasingly development of the construc-
tion industry along with accelerated growth of urbanisation 
(Li et al. 2017). Therefore, C&DW is becoming a grow-
ing concern around the globe once it constitutes a priority 

waste stream due to the large amounts generated and its high 
potential for valorisation (Galan et al. 2013; Li et al. 2017).

It is important to examine the interaction among the 
impacts caused by landfilling and recycling processes for 
waste disposal aiming to achieve a more sustainable devel-
opment and a proper C&DW management (Marzouk and 
Azab 2014). This waste is a highly heterogeneous mixture 
of materials that typically include metals, concrete, asphalt, 
mortars, brick, gypsum wallboard, roofing wood, cardboard 
and plastic (Li et al. 2017). It causes various harmful effects 
on the environment such as (1) the diminishment of land-
fill space due to the incremental quantities launched inside 
them, (2) the increase in contamination caused by land-
fills that lead to serious negative health effects, and (3) the 
increase in energy consumption for transportation and manu-
facturing new materials (Marzouk and Azab 2014). In order 
to prevent or reduce some of these issues, many techniques 
of C&DW management and recycling have been studied due 
to its economic and environmental benefits.

The impact on environment can be minimised by imple-
menting an improvement in the C&DW management and 
in the related cost during its life cycle. Therefore, the total 
cost of the process can be composed by five parcels: waste 
control, collection, transportation, recycling or reuse, and 
disposal. In this context, the 3R concept is widely employed 
for C&DW management in order to reduce the impact on the 
environment. Waste reduction is the optimal management 
measure which presents the lowest impact on the environ-
ment. The latter R-recycling—refers to break down old items 
to make new materials and objects. The reuse of C&DW is 
the action of applying building materials again for its origi-
nal purpose or for a creative reuse, giving it a different func-
tion (Huang et al. 2018).

Solid waste management practices

In order to provide a brief framework regarding the cur-
rent situation of the management of MSW, SS and C&DW, 
this chapter describes the cases of some developed regions 
(namely in the EU, United States of America (USA) and 
Japan), and later focuses on the specific case of Portugal.

Solid waste management in the EU, USA and Japan

Table 1 summarises some relevant data associated with the 
generation and treatment of MSW, C&DW and SS produced 
in the regions of EU, USA and Japan.

According to the data that was reported, the USA pro-
duced more waste per habitant in the MSW and SS cate-
gories, with results of 826 and 24 kg/(hab year), respec-
tively. The generation of C&DW achieved the highest value 
in the EU [1810 kg/(hab year)], but on the other hand, it 
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was considerably lower in the case of Japan that produced 
amounts nearly three times smaller.

Regarding the final treatments applied to the waste cate-
gories under study, incineration and landfilling still assumed 
important contributions in the waste management practices, 
with special focus on MSW and SS. These contributions 
were greater than 28% when joined together. Since these 
solutions represent environmental problems and are sub-
jected to legal restrictions that may rise operation costs, 
there is a possible opportunity to define other waste val-
orisation solutions with energy production and which have 
the benefit of being more sustainable (Furness et al. 2000).

The most used waste valorisation practices across all 
regions were material recycling or reuse (e.g. as fertiliser 
or for backfilling), and recovery of energy through com-
bustion. For the specific case of MSW, the EU presented 
the highest material reutilisation ratio through composting, 
digestion and recycling (46.6%), and also a relevant result 
for energy recovery through combustion (28%). Landfilling 
indices were similar to those found in Japan (24.5%) and 
substantially lower when compared with what happened in 
the USA (52.3%), despite the fact that this country generated 
more waste per habitant. Incineration was the most recurring 
solution to treat MSW in Japan (73%), but it was not clear 
whether this method was used for energy recovery.

Although the EU exhibited a better performance in 
terms of waste management when compared with the other 
regions, it is still far away to achieve the goals stipulated for 
2030 (65% for recycling and 10% for landfilling) (European 
Commission 2019b).

Land fertilisation possessed a strong usage to valorise 
SS in the EU and USA, contributing with more than 26% 
in the final destinations applied to this waste. This result 
is significant, taking into account that legal restrictions, 
environmental contamination and health problems are 
connected with the use of SS for fertilisation; therefore, 
this solution may not be viable in the near future (Furness 
et al. 2000). In the case of Japan, energy recovery and 
material recycling through the use of inorganic fractions 
for construction materials accounted for 24.2% of the final 
treatments (Ministry of the Environment—Government of 
Japan 2019). Therefore, the problems caused by the use 
of SS for fertilisation were minored. Other valorisation 
alternatives included composting and digestion, as was the 
case of the EU.

These results suggested that the EU presented better man-
agement practices regarding the treatment of SS, especially 
due to the less significant uses for agriculture fertilisation, 
incineration and landfilling, which are now considered sur-
passed and less sustainable.

Analysing the management of C&DW, Japan and the EU 
exhibited the highest ratios of material recycling (92.8 and 
88.4%, respectively); on the contrary, the USA diverted sig-
nificant amounts of this waste to landfills and combustion 
(75.4%). While Japan presented the best indicators of waste 
production per person and management, the USA had a long 
path to follow towards a more sustainable policy of C&DW 
management. However, it must be pointed out that data 
available for the USA are relatively older when compared 

Table 1   Production and treatments applied to MSW, SS and C&DW in the EU, USA and Japan (European Commission 2019a; USEPA 2019; 
Ministry of the Environment—Government of Japan 2019; Akhtar and Sarmah 2018; Yang et al. 2018)

Region Parameter Type of waste

MSW SS CD&W

EU Generation Total: 3.310 × 1011 kg
Per capita: 649 kg/(hab year)

Total: 5.403 × 109 kg
Per capita: 11 kg/(hab year)

Total: 9.237 × 1011 kg
Per capita: 1810 kg/(hab year)

Treatment Composting, digestion, recycling: 46.6%
Combustion with energy recovery: 28.0%
Incineration: 2.4%
Landfilling: 24.5%

Land fertiliser: 26.2%
Composting, digestion: 18.1%
Landfilling: 6.3%
Incineration: 42.3%

Material reuse and recycling: 88.4%
Energy recovery: 0.6%
Landfilling: 11.0%

USA Generation Total: 2.668 × 1011 kg
Per capita: 826 kg/(hab year)

Total: 7.439 × 109 kg
Per capita: 24 kg/(hab year)

Total: 5.478 × 1011 kg
Per capita: 1696 kg/(hab year)

Treatment Composting, recycling: 35.1%
Combustion with energy recovery: 12.7%
Landfilling: 52.3%

Land fertiliser: 61.0%
Other beneficial use: 8.5%
Landfilling: 9.8%
Incineration: 18.3%

Material recycling: 24.5%
Landfilling, combustion: 75.4%

Japan Generation Total: 5.161 × 1010 kg
Per capita: 404 kg/(hab year)

Total: 2.230 × 109 kg
Per capita: 17 kg/(hab year)

Total: 7.540 × 1010 kg
Per capita: 591 kg/(hab year)

Treatment Composting: 2%
Other (including recycling): 3%
Incineration: 73%
Landfilling: 22%

Material recycling: 14.1%
Land fertiliser: 8.0%
Energy recovery: 10.1%
Incineration and landfilling: 61.8%

Material recycling: 92.8%
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with the other regions, thus explaining the discrepancies that 
were observed.

Average compositions of MSW that were generated in the 
regions under study are pictured in Fig. 1 (for the specific 
case of Japan, the composition of MSW from Kyoto city was 
taken as representative).

Composition of MSW varied across the regions and was 
particularly rich in biodegradable fractions (38.1 wt%), 
paper/cardboard (29.1  wt%), polymeric materials 
(15.9 wt%), metallic (5.5 wt%) and other inorganic fractions 
(5.3 wt%) in average terms. Considering that the organic 
fractions exhibit potential to be valorised as an energy 
source, Japan is the region with the best potential to fulfil 
this purpose since it produced MSW with the greatest frac-
tion of organic materials (93.4 wt%). However, the legisla-
tion may restrict this potential as is the situation of the EU, 
where a waste management hierarchy was established and 
which prioritises the reutilisation and recycling of materi-
als over energy valorisation processes (European Parliament 
and Council 2008). Therefore, some of the organic fractions 
like paper/cardboard and polymeric materials that can be 
recycled exhibit actually lower amounts available for ener-
getic valorisation.

Figure 2 illustrates the average compositions of C&DW 
produced in the EU, USA and Japan.

Once again, the composition of this class of waste also 
varied according to the region under study, and possessed a 
significant parcel of mineral materials (> 80 wt%). Organic 
fractions with potential to be energetically valorised consti-
tuted a small parcel of C&DW and were mainly composed 
by wood materials, with fractions ranging from 1 wt% in 
the EU to 7 wt% in the USA. Thus, the USA showed more 
resources that can be energetically valorised from C&DW 
that was produced, in relative terms.

Solid waste management in Portugal

The total production of combined municipal waste, SS and 
C&DW generated in Portugal corresponded to 7,308,777 
tons in 2016, as shown in Fig. 3. Many residual products 
were made of components with potential to be used in 
remanufacturing, through the adoption of reusing or recy-
cling processes. Although wastes may not be useful at the 
moment, they may be in the future after transformation into 
new products with the same or different functions. The fol-
lowing topics cover the current solid waste management in 

Fig. 1   MSW composition in the EU, USA and Japan (results in wt%) (Bidlingmaier et al. 2004; USEPA 2019; Yamada et al. 2017)

Fig. 2   C&DW composition in the EU, USA and Japan (results in wt%) (European Commission 2019a; USEPA 2019; Nakajima and Futaki 
2001)
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Portugal and some recovery and recycling alternatives for 
waste treatment.

Municipal solid waste and sewage sludge management 
in Portugal

Since the 1970s, a broad range of environmental legisla-
tion has been elaborated. Through the last three decades 
the overall trend of MSW management has become a great 
global issue. In 1997, a Strategic Plan for Urban Waste 
(PERSU) was created in Portugal due to the appearance of 
new EU directives, specifically directives 2004/12/EC and 
2006/12/EC. The main goals of this strategic plan were: (1) 
diverting biodegradable MSW components from landfill-
ing to other processes like composting and incineration; (2) 
the establishment of a commitment to reduce greenhouse 
gas emissions; (3) the development of resource recovery 

technologies, investing in units to produce refuse-derived 
fuel (RDF) (Teixeira et al. 2014).

Later on, the Decree-Law 73/2011 was created in order 
to establish MSW management options, with the following 
goals: (1) to strengthen the prevention of waste production 
by stimulating waste reuse, recycling and recovery; (2) to 
encourage the collection of organic waste; (3) to clarify 
and to review the concepts related with the management of 
MSW; (4) to approve prevention programs that define goals 
for waste reuse, recycle and recovery until 2020; among oth-
ers (Teixeira et al. 2014).

MSW management is a system that covers the entire chain 
from waste production to its final destination (Viegas 2012). 
Therefore, an integrated management is a key factor in order 
to avoid or reduce waste production, as well as its harmful-
ness to human health and to the environment.

Production of urban waste has been associated with the 
mass consumption of resources in our society. In Portugal, 
MSW generation per capita had increased since 2013, but it 
was still lower than the average result of 649 kg/(hab year) 
observed in the EU (see Fig. 4).

The Portuguese integrated MSW management embraces 
collection, sorting, storage, treatment and disposal steps. 
Collection system includes the transportation of recyclable 
and non-recyclable wastes. The latter step does not contain 
recyclable fractions due to the prior sorting and, therefore, 
the remaining refuses will end up at the dumping ground to 
be buried. Usually, non-recyclable waste management is a 
municipal responsibility. On the other hand, management of 
recyclable wastes can be carried out by either municipali-
ties or private companies (Magrinho et al. 2006; Teixeira 
et al. 2014). Collection points (eco-points) are outlets for an 
effective recyclable waste management. Curbside collection 
(i.e. identified containers) is designed to facilitate the sepa-
ration of different types of materials such as glass, paper/

Fig. 3   Production of municipal waste, SS and C&DW in Portugal for 
the year 2016 (Instituto Nacional de Estatística 2019)

Fig. 4   Production of MSW per 
capita in mainland Portugal 
between 2011 and 2016 (Insti-
tuto Nacional de Estatística 
2019)
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cardboard, plastic and metal. These containers are placed 
on easy access points, near shopping malls, schools, parks, 
pools, sport complexes, markets and fairs. The waste col-
lection vehicles take the waste from these collection points 
to a transfer station, known as sorting facility (eco-centres), 
and where waste will be sent to either an alternative waste 
treatment facility or a landfill (Teixeira et al. 2014).

Recycling of wastes means that separated materials can 
replace other primary feedstocks and plays a key role in a 
sustainable society. In 2012, it accounted for around 30% 
of the total waste produced (Fig. 5). Textile materials are 
another fraction that has received more attention and is 
increasingly collected separately, which represented 9% of 
the total (Avfall Sverige 2018). About 74% of the total urban 
waste produced corresponded to materials with potential for 
recovery or recycling operations (Ministério do Ambiente, 
Ordenamento do Território e Energia 2014). Components 
found in the Portuguese MSW exhibited similar proportions 
when compared with the average values from the EU, except 
for paper/cardboard that possessed a lower value.

In 2014, a total of 4,710,464 ton of municipal waste was 
produced. Approximately 49% was sent to landfills, 20% 
to energy recovery solutions and around 30% to other val-
orisation operations (Fig. 6). A significant amount of waste 
was eliminated through the deposition in landfills, therefore 
wasting resources that could be availed in other ways. This 
amount was also considerably higher than the average result 
found for the EU (24.5%), a fact that retards the achievement 
of the EU goals for 2030. Improper waste management such 
as its disposal in inadequate places can lead to both soil and 
air pollution. However, waste valorisation practices have 
been established as an alternative solution for final disposal 
of waste over the past decade. Materials that can be energeti-
cally recovered like the RDF generated at the end of waste 

treatment lines may contribute to save energy and natural 
resources, thereby reducing environmental impact.

Regarding sewage sludge management, the total pro-
duction in 2017 was fixed at 642,148 ton and was equiva-
lent to 62 kg/(hab year), a result higher than the average 
reported for the EU [11 kg/(hab year)]. Treatments applied 

Fig. 5   Average physical composition of urban waste produced in 
mainland Portugal (Ministério do Ambiente, Ordenamento do Terri-
tório e Energia 2014)

Fig. 6   Final destinations of municipal waste in Portugal, for the year 
2014 (Instituto Nacional de Estatística 2019)

Fig. 7   Treatments applied to SS in Portugal in 2017 (Instituto 
Nacional de Estatística 2019)
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to SS included a combination of processes for their valorisa-
tion and elimination. Around 10% was destined to landfill 
and incineration. Organic valorisation consists on the use 
of sludge to treat soils for agricultural benefit or environ-
mental improvement. Multi-material valorisation included 
recycling and recovery of materials, such as the inorganic 
fractions (see Fig. 7). Other operations included temporary 
storage of waste, for which the final destination is defined 
later. Considering that negligible or no quantity of sewage 
sludge was destined for energetic recovery purposes, there 
is an opportunity to produce energy from dehydrated sludge 
using thermochemical processes, for instance.

C&DW management in Portugal

C&DW is typically generated in large quantities. A 
study from 2002 stated that MSW generation in Portugal 
was around 4,550,000  ton/year, while C&DW produc-
tion achieved an even greater amount that was fixed at 
6,440,000 ton/year (Coelho and Brito 2013). The construc-
tion industry is one of the most important sectors for the 
Portuguese economic and social development, but its activi-
ties have a huge impact on the environment (Viegas 2012). 
In this context, the decree-law 46/2008 was elaborated and 
established a system for C&DW management that integrate 
collection, transport, storage, sorting, treatment, and dis-
posal, as well as prevention and/or alternative reuses. Sort-
ing is an important operation since the recovery capacities of 
wood, glass, plastic, inert wastes, and other materials depend 
mainly on this stage (Viegas 2012).

C&DW composition consists of fractions of differ-
ent sizes and components. This composition depends on 
many factors such as the location of the processes as well 
as the construction activities, techniques and materials that 
were used. Inert materials (e.g. concrete, soils and asphalt) 

accounted for around 81% of the total C&DW that was gen-
erated, a result that was lower than the average detected in 
the EU (95%, see Fig. 8) (Monteiro 2012; Viegas 2012).

Despite the fact that the major fraction corresponded to 
inert materials, there is a high potential for recycling and 
reuse of other C&DW fractions (Viegas 2012). Regarding 
the treatment of non-hazardous waste materials, 66% are 
adequate for recovery operations (Agência Portuguesa do 
Ambiente 2015).

The Portuguese Environment Agency is a public insti-
tution within the scope of the Portuguese Ministry of the 
Environment, Territory Management and Energy. In 2010, 
the Portuguese Environment Agency carried out a survey 
in 308 municipalities focusing on C&DW production and 
management, obtaining at the end a response rate of 34%. 
This survey covered the following specific matters: charac-
terisation of the current C&DW management, the critical-
ity of improper waste disposal and probable reasons, the 
applicability of the decree-law 46/2008 which regulates the 
C&DW issues, the development of preventive and remedial 
actions by supervisory staff, as well as the identification of 
good management practices.

One-third of these municipalities claimed that no specific 
C&DW management was conducted, while the remaining 
carried out some management plans even before the publica-
tion of the preceding law (Agência Portuguesa do Ambiente, 
2015). Municipalities that performed any C&DW manage-
ment activity were distributed geographically according to 
their Commission for Regional Coordination and Develop-
ment (CRCD, see Fig. 9). This is a decentralized agency 
of the national government with the purpose of promoting 
an integrated and sustainable development of Portuguese 
regions.

Avoiding C&DW generation is an impractical measure; 
however, there are alternative management approaches 
which can reduce their negative impacts. The solution based 

Fig. 8   Physical composition of C&DW produced in mainland Portu-
gal (Viegas 2012)

Fig. 9   Geographical distribution of municipalities that already 
defined a C&DW management plan prior to the publication of 
decree-law 46/2008 (Agência Portuguesa do Ambiente 2015)
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on C&DW recycling is still the most recurrent. The inter-
nationally accepted framework based on ‘reduce, reuse and 
recycle’ is highly accepted for the management of C&DW. 
Due to the diversity and complexity of the different material 
fractions, to the underdevelopment and high cost of disposal 
technologies and equipment, and to the costly environment 
investments, it can be observed that recycled C&DW prod-
ucts possess high prices and consequently cannot achieve 
interesting sales (Asian Development Bank 2018).

Around 4.53% of the total C&DW produced in 2017 was 
sent to landfills while almost 93% was destined for valorisa-
tion, as shown in Fig. 10. In fact, these results were better 
than those observed for the EU (11 and 89%, respectively), 
and almost at the same level of Japan (93% of recycled mate-
rials). Other operations were related to temporary storage of 
waste, for which the final destination is defined later.

Considering that a small fraction of these residues was 
forwarded to energy generation (0.03%) and that a substan-
tial amount possessed an undefined destiny (c.a. 49%), there 
is an opportunity to increase the potential of valorisation of 
C&DW through energy conversion.

Although the management of solid wastes involve govern-
ment administrative departments, enterprises, construction 
units, industries, and so forth, some studies have shown that 
such wastes present potential for energetic recovery, mostly 
via thermal technologies like gasification (Chiemchaisri 
et al. 2010; Hwang et al. 2014; Etutu et al. 2016).

Waste‑to‑energy technologies

A variety of waste conversion processes are available using 
different WTE technologies. These processes involve the 
treatment of organic matter present in waste to produce 
either heat energy, fuel oil or gas (Kumar and Samadder 
2017). Anaerobic digestion of sludge is the process by which 
microorganisms break down biodegradable material with-
out the use of air or elemental oxygen. This process pro-
duces two by-products: biogas [mainly composed by meth-
ane (55–70%) and carbon dioxide (30–45%)] and a treated 
effluent that can be used as fertiliser for soils and plants in 
agriculture. Electricity and heat production from biogas aim 
to reduce the use of fossil fuels, promoting the generation 
of a more sustainable energy (Felipe et al. 2018; Tathyana 
et al. 2018).

Incineration is a treatment process which involves the 
combustion of waste. Combustion is defined as a highly 
exothermic chemical reaction, with the occurrence of oxi-
dation of organic substances contained in waste materials at 
high temperatures (700–1450 °C) and at atmospheric pres-
sure, and with the injection of oxygen. The thermal energy 
that is produced can be used for electricity generation or to 
supply heat (Kuo et al. 2008; Lombardi et al. 2015). How-
ever, besides the release of typical combustion gases (e.g. 
H2O, CO2 and N2), other pollutants like volatile heavy met-
als, organic compounds and particles in the form of ash are 
also emitted. These must be removed using methodologies 
and equipment to control air pollution (Kuo et al. 2008; Wu 
et al. 2014). Due to the fact that pollution control typically 
represents a significant cost in incineration plants and due 
to the environmental danger they may represent, incinera-
tion presents little society acceptance. Therefore, pyrolysis 
and gasification are thermal conversion technologies that 
recently have been widely studied.

Pyrolysis is the thermal decomposition of organic mate-
rial at high temperatures (300–900 °C) carried out in an 
oxygen-deficient environment (up to 10% of the stoichiomet-
ric amount required for a combustion reaction). The process 
involves thermal cracking reactions, mass and heat transfer, 
and leads to the generation of vapours or pyrolytic gases 
(Teixeira et al. 2014; Raheem et al. 2018). Several solid, 
liquid and gaseous products are produced and these can be 
further treated and used as biofuels in processes for obtain-
ing thermal or electric energy. The conversion is essentially 
effected by endothermic reactions that promote the decom-
position of the long molecules of hydrocarbons in the raw 
materials, and the recombination of simple compounds into 
the formation of the final products (Manara and Zabaniotou 
2012; Chen et al. 2015).

Gasification converts organic compounds into a 
gas at high temperatures (c.a. 700–900  °C) and with Fig. 10   Final destinations of C&DW in Portugal, for the year 2017 

(Instituto Nacional de Estatística 2019)
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oxygen-deprived environments (typically 25–35% of the 
stoichiometric ratio for complete combustion). This allows 
the obtainment of a syngas with suitable properties for 
energy extraction. This syngas is the main product of gasifi-
cation and results from incomplete combustion of biomass; 
it mostly consists of carbon monoxide, hydrogen and traces 
of methane. This mixture of gases has been successfully 
applied to run internal combustion engines (compression 
and spark ignition), or as a substitute for furnace oil in direct 
heat applications (Monarca et al. 2012; Teixeira et al. 2014; 
Kumar and Samadder 2017). Many researchers have stud-
ied pyrolysis and gasification of wastes (Arena et al. 2010; 
Chiemchaisri et al. 2010; Luo et al. 2010; Hwang et al. 2014; 
Teixeira et al. 2014; Hu et al. 2017; Choi et al. 2018).

Gasification has been considered a viable technology due 
to its greater environmental sustainability. Among all gasifi-
cation technologies, fluidised-bed reactors are often chosen 
for their great operating flexibility. Typically, these reactors 
include a bed of inert materials located at the bottom com-
posed by inert materials (e.g. sand). The bed and wastes 
are vigorously mixed by a flux of air injected from below, 
which promotes the turbulent agitation and reaction among 
the solid and gaseous compounds. The bed may incorporate 
catalysers like dolomite, olivine and alumina, which improve 
the gasification efficiency and minimise the generation of 
undesirable by-products (e.g. tars).

Fluidised-bed reactors possess a series of advantages: the 
good mixing properties that ensure uniform process condi-
tions, the possibility to utilise various fluidizing agents, and 
the waste feeding in different positions of the reactor. How-
ever, this process also generates other contaminants such as 
tar, carbonaceous particles and inorganic materials, which 
lead to an increase in operating costs and efficiency loss 
(Zaccariello and Mastellone 2015). Typical compositions 
of the syngas obtained from the gasification of SS and RDF 
(generated from the last refuses from MSW processing) are 
shown on Table 2.

Evaluation of the potential of wastes for energy 
recovery in Portugal

Eliminated solid wastes can be considered an opportunity 
for energy recovery. Thus, disregarding the inert materials 
from the total wastes eliminated in Portugal and which were 
previously described, the remaining fractions have potential 
for valorisation (Fig. 11).

Both MSW and SS presented a significant fraction which 
is able to be recovered through a gasification process, 
and which were fixed around 77% and 63%, respectively. 
Because SS contained a high moisture content, a drying pro-
cess is needed before gasification. On the other hand, only 
7% of C&DW that was produced was adequate for energy 

Table 2   Approximate 
composition of the syngas 
obtained from the gasification 
of SS and RDF (Khoo 2009; 
Manara and Zabaniotou 2012; 
Zhu et al. 2015; Arena et al. 
2010)

a In mg/kg of syngas from SS, and mg/Nm3 of syngas from RDF

Residue Main compounds (vol%) Trace contaminantsa

H2 CO CO2 CH4 HCl SO2 NOx HF NH3 HCN

SS 9–17 14–21 9–20 1–7 n.a. n.a. 0 n.a. 271 592
RDF 7.7 ± 1.7 8.5 ± 0.8 12.8 ± 0.6 7.3 ± 0.9 0.0186 0.0105 0.4530 0.0001 n.a. n.a.

Fig. 11   Eliminated quantities and recoverable fractions for energy generation obtained from MSW, SS and C&DW produced in Portugal
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recovery; inert materials represented the majority compo-
nents in this category of waste.

For the prediction of electric energy produced from these 
wastes, values of average moisture content, lower heating 
value (LHV) and yield of syngas were taken into account 
from some studies regarding gasification. These values are 
shown in Table 3.

Based on these values, it was possible to estimate the 
energy which could be generated from gasification, and 
which resulted from the syngas produced in the process 
(Fig. 12). It was admitted that the syngas was burnt in an 
internal combustion engine coupled to an electric generator, 
with an energy efficiency of 30% (Luz et al. 2015).

The energy production is proportional to the quantity of 
gasified material, and therefore the highest electric energy 
production could be obtained from MSW, according to the 
results (1.504 × 109 kW h). However, SS and C&DW present 
also considerable values (17.554 × 106 and 3.543 × 106 kW h, 
respectively). Some variations in the energy production may 
occur due to the feedstock properties (e.g. amount of mois-
ture) and process performance (e.g. LHV and syngas pro-
duction); these are more apparent for the situation of SS. 
There was a significant amount of thermal energy that was 
generated and not used, and which can be recovered by the 
gasification process to improve the overall efficiency. This 

thermal energy may be used, for example, to dry partially 
the feedstock or to heat the oxidising agent before they enter 
in the reactor.

It can be concluded that a significant fraction of wastes 
generated in Portugal can be valorised for energy production 
through gasification instead of being eliminated by incinera-
tion and landfilling, as is the current practice. Gasification 
of wastes can compensate in certain manner the irregular 
production from other renewable sources like the sun and 
the wind, since the availability of wastes does not depend 
considerably on natural factors.

Case study for a small‑scale gasification 
plant to be implemented in a Portuguese 
waste management company

Justification for the creation of small‑scale 
gasification units

In spite of generating huge amounts of municipal wastes 
across the country, the deployment of decentralised small-
scale gasification units instead of centralised cores would con-
tribute to evacuate and valorise rapidly and effectively the 
wastes produced in local areas, as well as to provide energy 
for small or isolated areas, such as rural communities. In this 
way, costs associated with the transportation of wastes to gasi-
fication facilities may be diminished, as well as the environ-
mental impact caused by the emission of greenhouse gases to 
the atmosphere. The dependence on the energy supplied by 
centralised facilities would also be minimised.

Incineration of wastes with energy recovery is viable 
only for large scale units, apart the environmental and social 
issues caused by the production of contaminants and odours 
to the surroundings, and which may increase significantly 

Table 3   Average moisture content, yield and LHV of syngas from 
gasification of MSW, SS and organic fractions from C&DW (Niu 
et al. 2014; Arena et al. 2015; Syed-Hassan et al. 2017)

Residue Average moisture 
content (wt% ar)

Syngas produc-
tion (Nm3/kg dB)

LHV syngas (MJ/
Nm3)

MSW 6.4 ± 3.8 2.0 ± 0.1 5.04 ± 0.18
SS 78.5 ± 7.8 1.3 3.4 ± 1.2
C&DW 12.7 0.916 8.62

Fig. 12   Estimated energy production from the gasification of each type of waste
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the expenses required for the implementation and operation 
of cleaning and decontamination technologies. Stringent 
regulations in terms of emissions control are being imposed 
to such facilities (Furness et al. 2000; He et al. 2009). There-
fore, small-scale gasification units would overcome prob-
lems caused by incineration plants.

Description of the company and relevance 
of a gasification process integration

A private Portuguese waste management company per-
formed various environmental services by integrating solu-
tions based on the collection and treatment of wastes, as well 
as on operation and maintenance processes. It carried out 
services in different environmental areas such as sanitation, 
washing streets and waste collection, the latter including 
both SS and C&DW collection.

According to the company records, the total solid wastes 
that were collected was around 32,513 ton in 2017, and from 
these an amount of 274 ton (0.8 wt %) incorporated organic 
fractions that are viable for energy valorisation; these 
included wood, plastic, paper/card and composite materials 
that are a mixture of the latter two. Figure 13 illustrates the 
constitution of this portion of residues.

The company used wood fractions (the major waste mate-
rial received) in combustion processes to obtain thermal 
energy for internal activities, and may sell some recyclable 
fractions (mainly plastics) to other companies specialised 
in the revitalisation of such materials to generate new feed-
stocks. The other non-recyclable materials are forwarded 
to landfills.

These techniques may, however, present some disadvan-
tages: on one hand, the combustion operation may release 
toxic gases and other sub-products that are harmful for 
health and environment, and has also a lower efficiency in 
terms of energy conversion; on the other hand, landfills have 
high restrictions imposed by local and European laws due 

to the well-known negative impacts for the environment. In 
this way, it may be interesting to develop a novel strategy 
that may replace these practices in order to achieve a higher 
level of sustainability and competitiveness.

Gasification of the referred combination of residues may 
be a valid answer since it produces a syngas rich in H2 and 
CO, which enhance its calorific properties. The syngas can 
be directly burnt to obtain thermal energy or can be directed 
to an internal combustion engine coupled to a generator for 
electricity production. In addition, a gasification unit may be 
viable for small-scale energy production plant and contami-
nant emissions are lower when compared with incineration; 
these advantages may benefit the current company since the 
amount of residues with potential for energy generation is 
relatively small.

Before the mixture of wastes is introduced inside the 
gasifier, it is necessary to prepare them for a correct and 
efficient process. In this way, milling and drying operations 
are eligible for this end. A pretreatment of carbonisation 
at temperatures around 400 °C and employed before those 
operations may help to obtain a product with a better grind-
ability, homogeneity and interesting fuel properties, thus 
reducing the premature wear of posterior equipment and 
eventual costs associated with greater energy consumptions.

However, if a gasification process is selected as a way to 
valorise the received wastes, it is important to define well 
the destiny of the generated sub-products, namely tars and 
chars/ashes. The former can be submitted to biologic or wet 
oxidation treatments to diminish their toxicity, or even to be 
directed to a chemical industry in order to extract valuable 
components such as naphthalene. Chars and ashes may be 
viable for reuse as adsorption materials for the decontamina-
tion of effluents, inhibiting thus their disposal in landfills, as 
stipulated by European directives.

Economic assessment for the small‑scale 
gasification plant

In order to assess the viability for the construction of a 
small-scale gasification plant to process the wastes received 
by the company under analysis, this section is dedicated to 
perform an economic study for its implementation and to 
define the optimum conditions of operation. A description 
of the projected plant, the methodology employed in the 
study and the main results achieved will be described in the 
next sections.

Fig. 13   Approximate composition of organic solid wastes collected 
by the company, with energetic potential
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Materials and methods

The plant was designed to produce electric energy for sale 
through the conversion of wastes into syngas considering 
a downdraft gasifier followed by its burn in an internal 
combustion engine coupled to an electric generator, with 
a maximum thermal power production of 1 MW. A down-
draft reactor was chosen because it allows the generation 
of low tar and char amounts, and also due to the shorter 
duration of start-up (Luz et al. 2015; Molino et al. 2018). 
Essentially, and as was presumed in the work of (Luz et al. 
2015), the plant is composed by six main operating blocks:

•	 A waste separation stage (to remove inert and other 
strange materials);

•	 A mechanical treatment section (to sieve and grind 
wastes, and to compact them into briquettes);

•	 A gasification section (to convert briquettes into a prod-
uct gas inside a downdraft gasifier);

•	 A cleaning section (composed by a cyclone, a filter, a 
module for thermal cracking and a wet scrubber, to retain 
fine particulates, tars and gaseous contaminants existing 
in the product gas);

•	 An electric energy production module (that integrates an 
internal combustion engine (ICE) connected to an elec-
tric generator).

Figure 14 illustrates the connection among all modules 
and the material fluxes inside the proposed plant.

The plant has capacity to process 250 kg/h of wastes 
with energetic potential (excluding the major inert frac-
tions), which makes up a total amount of 1850 ton/year of 
wastes considering a typical operation of 10 month/year. 
A value of 250 kg/h for waste flow was assumed because 
it allowed to produce near 1 MW of thermal power inside 
the reactor; this corresponds to the maximum value that 
could be chosen in the work of Luz et al. (2015), and in 
which the current study is based on. As was already men-
tioned in the previous section, the company received only 
around 274 ton of wastes during 2017 which is insuffi-
cient to ensure the viability of the project. Therefore, it is 

necessary to acquire other waste fluxes from new sources 
to make the project economically viable.

Total electric energy generated per year (Eel) was calcu-
lated by Eq. 1.

To predict the electric energy available for sale it was 
necessary to determine the energy consumed for the opera-
tion of the plant, which were both calculated through Eqs. 2 
and 3.

Determination of the previous variables was done consid-
ering the general parameters identified in Table 4.

Economic revenues generated by the plant included the 
gains with the sale of electric energy to the public grid and 

(1)
Eel = Eth × 𝜂ICE = ṁwaste × Ysyngas × LHVsyngas × 𝜂reactor × 𝜂ICE

(2)Eel cons = Pplant × top = Pplant ×
mwaste

ṁwaste

(3)Eel sale = Eel − Eel cons

Fig. 14   Proposed configuration for the gasification plant and inner material fluxes

Table 4   Parameters adopted 
for the calculation of electric 
energy for sale (Luz et al. 2015)

Parameter Value

ṁ
waste

 (kg/h) 250
Ysyngas (Nm3/kg waste) 3.2
LHVsyngas (MJ/Nm3) 4.6
ηreactor (%) 95
ηICE (%) 30
Pplant (kW) 75.15
mwaste (ton/year) 1850

Table 5   Costs of equipment for installation in the plant (Luz et  al. 
2015)

Equipment Cost (€)

Waste separation 84,052
Mechanical treatment 93,891
Gasifier (1 MWth) + syngas cleaning 174,247
ICE + generator (330 kVA) 140,119
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the savings achieved by the deviation of waste fluxes to a 
landfill. The price considered to sell the electric energy was 
121.39 €/(MW h), taking into account that this was origi-
nated from the conversion of biomass in Portugal (Entidade 
Reguladora dos Serviços Energéticos 2018). Regarding the 
charge to deposit wastes in landfills, a value of 9.9 €/ton was 
used (Agência Portuguesa do Ambiente 2019).

Disbursements that were considered can be divided in 
capital and operational expenditures (CapEx and OpEx, 
respectively). CapEx is essentially composed by the invest-
ment in the construction and purchase of equipment for the 
plant.

Table 5 presents the costs associated with the acquisi-
tion of equipment for the several sections that compose the 
facility, already updated to the current year and which were 
retrieved from Luz et al. (2015).

The updation of costs referred in Table  5 was done 
through Eq. 4 (Basu 2013).

Iold and Iactual are the values of indexes of producer 
prices in industry for old (2015) and actual (2018) years, 
respectively, which were retrieved from Eurostat to perform 
the conversion of prices among different periods of time 
(European Commission 2019a). Values considered for both 
indexes were 100 and 104.8, respectively; in addition, the 
exchange rate for converting US dollars to Euro was 0.87 
€/$US, since the original costs reported by Luz et al. (2015) 
were expressed in $US.

Costs for the construction of the facility incorporated dis-
tinct parcels like installation of equipment, civil works, and 
engineering, and were estimated by fixed percentages from 
the total equipment cost. These percentages are mentioned 
in Table 6.

(4)Cactual = Cold ×
Iactual

Iold

A working capital cost was also considered for the esti-
mation of CapEx and corresponded to 10% of the sum of 
equipment and construction costs. Thus, CapEx was esti-
mated by applying Eq. 5, taking into account all the previ-
ous data.

For estimating the OpEx, costs associated with personnel, 
maintenance and operation, and deposition of gasification 
chars in a landfill were used on a yearly basis. To operate the 
plant, a team composed by five workers receiving a salary 
of 600 €/month and working in shifts during approximately 
10 month/year was assumed. Maintenance and operation 
costs were predicted as being equivalent to 5% of CapEx, 
while costs for forwarding chars to landfills were calculated 
assuming the waste management tax implemented in Por-
tugal (9.9 €/ton) and a char yield of 0.3 kg/kg of waste after 
gasification (Luz et al. 2015; You et al. 2016; Agência Portu-
guesa do Ambiente 2019). OpEx may be therefore calculated 
using Eq. 6.

Economic indicators that were chosen to evaluate the 
viability of the project were the net present value (NPV), 
internal rate of return (IRR) and payback period (PP). The 
project is considered viable if NPV is greater than zero and 
the PP has an acceptable lower value compared with the 
lifetime predicted for the plant, which in the current case 
was assumed to be t = 20 years (Luz et al. 2015).

NPV was determined through Eq. 7.

In this formula, CFi is the cash flow reported for year i 
along the lifetime of the plant (i.e. the difference among 
profits and expenses in year i), and d (discount rate) was 
assumed to be equal to 15% (Luz et al. 2015).

IRR was calculated taking into account that it is the dis-
count rate that turns NPV equal to zero. When it is neces-
sary to choose the best project among several alternatives 
considered viable, IRR can help in that decision since higher 
values indicate that the alternative under analysis generates 
the best economic results for investors. PP corresponds to 
the year when the accumulated cash flow for year n (ACFn) 
is greater than zero, and which by its turn can be found by 
applying Eq. 8.

(5)CapEx =
(

Cequip + 1.074 × Cequip

)

× 1.1

(6)OpEx = Cpers + CM&O + Cchar

(7)NPV =

t
∑

i=1

(

CF
i

(1 + d)
i

)

− CapEx

(8)ACF
n
=

n
∑

i=1

(

CF
i

(1 + d)
i

)

− CapEx

Table 6   Expenses related with the construction of the gasification 
plant (Luz et al. 2015)

Item Fraction in 
equipment cost 
(%)

Equipment installation 25
Instrumentation and control 15
Utilities installation 8
Electric installation 25
Civil construction 18
Land area for site 6
Project engineering 9.2
Other services 1.2
Total 107.4
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For assessing the influence of various operational and 
economic parameters in the viability of the project, a sen-
sitivity analysis was carried out. The parameters chosen for 
this analysis were the initial mass of wastes to be processed 
(kg/year), initial investment or CapEx (€) and price of elec-
tricity for sale (€/J), where each one was subjected to a vari-
ation in the range of ± 10% relative to the reference values. 
The viability was studied by examining the results of profits, 
OpEx, NPV, PP and IRR generated by the different scenarios 
of parameter variation, in order to determine the best condi-
tions that make the viability optimised.

Results and discussion

Table 7 presents the main results obtained for the economic 
study around the implementation of a small-scale gasifica-
tion unit.

For a facility that receives 1850 ton/year of wastes with 
energetic potential and operating at 250 kg/h during around 
10 month/year, the project presents economic viability with 
a period of return of all the investment fixed at 7 years. This 
result may be acceptable since it is much lower than the 
lifetime presumed for the plant (20 years). The project may 
generate 208,324 €/year of profits and its expenditures are 
fixed at 581,615 € for CapEx and at 65,428 €/year for OpEx.

To obtain the present results, it must be emphasised the 
plant must admit an amount of wastes substantially higher 
that the value currently received and which is around 274 
ton/year. In fact, by using such a low amount the project 
does not gain any kind of viability. The company must there-
fore acquire new waste fluxes from other sources in order to 
achieve the suggested amount of 1850 ton/year, which can be 
accomplished by establishing partnerships with other waste 

Table 7   Main results for the 
economic study

Parameter Value

Profits (€/year) 208,324
CapEx (€) 581,615
OpEx (€/year) 65,428
NPV (€) 312,815
PP (year) 7
IRR (%) 8.0

Fig. 15   Results of the sensibility analysis by varying, a the initial amount of waste, b CapEx and c price of electricity
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management entities or by amplifying the actual collection 
chain of residues.

The economic study employed for this particular com-
pany can also be extrapolated for other small-scale units 
scattered around the country, allowing to evacuate waste 
fluxes for energetic valorisation. This solution may be rel-
evant not only due to the need of giving value to wastes and 
avoiding their elimination through landfilling or incinera-
tion, but also because these units may admit forest woods 
and residues responsible for fires during the summer period, 
causing great catastrophes as was recently reported (Cardoso 
et al. 2018).

Results for the sensibility analysis of PP and IRR through 
the variation of initial amount of wastes, CapEx and price 
of electricity relative to the base values previously exhibited 
are given in Fig. 15.

As expected, PP decreased with the rise of waste mass 
and price of electricity and also with the declination of 
CapEx; in a similar fashion, IRR increased with the same 
variation of all input parameters. The impact of the three 
parameters in PP and IRR is almost at the same level since 
the economic indicators always varied in similar intervals 
(6–9 years and 5–11%, respectively). However, the best 
results were obtained when CapEx was reduced − 10% 
relative with the reference case (final value of 523,454 €), 
generating a PP period of 6 years and an IRR of 10.99%, 
with the latter being slightly higher than the other scenarios.

Considering that energetic conversion of wastes are gain-
ing an increasing attention by the scientific community and 
the society, it is expected that in the next years the economic 
viability for the construction of small-scale gasification units 
will be improved due to the increasing production of wastes 
and the possible reduction of investment costs that accom-
pany the maturity of this technology over time. Thus, the 
implementation of small-scale gasification units across the 
country and near waste management entities, as described 
in the present case study, can be considered a viable option 
for the valorisation of municipal wastes generated at local 
levels, and with possible investment returns if it is consid-
ered the production and sale of electric energy.

Conclusion

Appropriate waste management practices are increasingly 
important for a society that is in constant evolution and pro-
ducing more and more residues. Although the problematic of 
residues is of a great concern for the environment, it is also 
true that their production can be seen as an opportunity to 
minimise the dependence on fossil fuels that are disappear-
ing but still constitute an important energy source around 
the world; in fact, municipal wastes have a good potential for 

energetic valorisation and, if managed correctly through the 
adoption of new WTE technologies, it is possible to guaran-
tee a more sustainable environment.

In the specific case of Portugal, higher amounts of wastes 
are still directed to landfills or to incineration plants, but 
these solutions have been shown along the time some draw-
backs that force the society to look for other strategies that 
are more environment friendly. Technologies such as gasifi-
cation, pyrolysis and bio-digestion present a huge potential 
for implementation along the country, due to the less harm-
ful effects when compared with conventional technologies. 
In fact, there is a huge potential to valorise such residues for 
energy production by adopting gasification.

The economic study for the small-scale gasification unit 
with electricity production revealed that it is feasible for 
construction and that the total amount of wastes to be pro-
cessed, initial investment and electricity price have almost 
the same impact in the viability. Therefore, construction of 
these units in different points across the country helps in 
the valorisation of these residues into useful energy and, 
at the same time, mitigates environmental problems related 
with inappropriate management or elimination of resources 
with value.
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