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Abstract

Purpose of Review Tremendous global pressures like resource depletion and climate change urge us to deploy alternate energy
sources and to integrate carbon capture and sequestration processes. Biomass can be considered as one of the alternate renewable
carbon-based fuels that can decrease environmental footprints in different applications. There is currently a lack of systematic
review of greenhouse gas (GHG) emissions and water-energy nexus (WEN) in the biomass supply chains’ system (BSCs)
system. Therefore, the present study aims to conduct a comprehensive review of the studies carried out into WEN and GHG
emissions regarding the BSCs. The published papers investigated in this study were categorized and evaluated based on their
objectives, methodologies, geographic scales, and environmental sustainability factors.

Recent Findings The review revealed that not only literatures lack enough research into WEN and GHG, but also the capacity for
effectively assessing the relationships between water, energy, and the trend of GHG emissions at a higher resolution. In addition,
it was found that most of the previous studies have mainly focused on the economic influences of BSCs and mathematical
methods for the optimization of BSCs. There is a need for the development of a mathematical dynamic model considering
uncertainties and the multi-objective approaches to evaluate the trend of WEN and GHG in the BSCs.

Summary To achieve a sustainable development of the BSCs, WEN and GHG emissions need to be effectively managed. The
findings of the present paper will assist researchers who work on renewable energy issues and potential users of the bioenergy
industry to obtain a deeper understanding of the current state of knowledge in terms of WEN and GHG emission.

Keywords Biomass and bioenergy - Water-energy nexus (WEN) - Greenhouse gas (GHG) - Sustainability - Supply chain (SC)

Abbreviations Introduction

GHG  Greenhouse gas

WEN  Water-energy nexus According to estimations indicated by [1], by 2050, 50% of
SC Supply chain the populations in most developing countries will be living in
BSCs Biomass supply chains urban areas. Such a condition, together with the economic
MILP Mixed-integer linear programming developments at a global level, will exert an intolerable pres-
LCA  Life cycle analyses sure upon critical natural resources such as water, food, ener-
CSP  Concentrated solar power gy, ecosystem, and land. In particular, an increase in people’s

income and reduction of poverty have concurred with tremen-
dous growth in demands for various services and products,
e.g., energy and water, which has resulted in overexploitation
This article is part of the Topical Collection on Cell Behavior Manipulation and degradation of natural resources. Such a challenging di-
lemma has been added with climate change in a situation
where different climate mitigation/adaptation measures (e.g.,
desalination, irrigation, or biofuels) are highly resource inten-
sive [2]. The way resources are currently exploited is a signif-

o ) . icant threat to the sustainability of development.
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each other; however, water requires energy for different pro-
cedures that build the cycle [4]. In spite of such a firm union,
for a long time, water and energy have been investigated sep-
arately, until Gleick [5] unveiled the intrinsic connection be-
tween them in the 1990s. This led to the appearance of a new
concept called “water-energy nexus” [5]. With the developing
technology and science, a stronger interrelation has been
established between water and energy [6]. Such interdepen-
dence of these two concepts has resulted in critical challenges
in the world. Based on predictions made by the United
Nations, 9600 million people will be living on earth by
2050, which can lead to a dramatic surge in energy and water
demands [7]. Furthermore, estimation indicates that, in 2040,
the energy volume consumed in the water sector will be dou-
bled than that of today [8].

There is a complex relationship between the WEN and the
environment that is necessary to inform local and national
policy makers regarding the management of water, energy,
and the environment. This approach is particularly relevant
for sustainable development and climate change where the
connections between water and energy are strong [9]. The
WEF nexus is concerned with the challenges surrounding
the need to balance competing demands on the water to ad-
dress water and energy security under a changing climate [10].
The WEF nexus promotes a systems perspective, emphasizing
holistic and cross-sectoral approaches to decision-making and
planning.

This discussion has been well supported by the Kyoto
Protocol and by various international actions such as the
2020 European Union’s Strategy that targets a 20% decline
in GHG, a 20% decrease in primary energy, and a 20% in-
crease of renewable energy uses [11]. It is to be noted that
WEN and GHG have a close interdependency that can help
decision-makers to control the problems that may appear in
managing the regional resources. There is a need for more
inclusive macro-level research that aims to grow the current
knowledge base on the available ways to address this
challenge.

The most critical concern of companies today is the rapid
delivery of products or materials of good quality at low cost
and risk [12]. The future of sustainable energy supply is mov-
ing toward the use of renewable sources like biomass. Many
researchers who worked on BSCs have confirmed that bio-
mass is of great viability to be used instead of conventional
fossil fuels [13]. Numerous activities done in line with this
chain may cause disruptions to the water-energy-greenhouse
gas nexus since these resources are vitally interconnected with
the tremendous growth of the world population and the in-
creasing expansion of urban areas.

The literature lacks enough research exploring the synergy
between BSCs, WEN, and GHG emissions. Therefore, this
paper aims to provide a comprehensive literature survey of
water-energy nexus and greenhouse gas emission

investigations through the BSCs. The scope of the present
study is to review various modeling methods proposed for
WEN and GHG emissions for biomass and bioenergy studies.
The methods that are currently implemented in modeling
GHG emission and WEN systems at various geographical
scales can take advantage of further classification based on
the scope of additional “nexus” elements they involve. The
objectives of the present study are as follow:

1) To analyze the development process of the comprehen-
sive WEN and GHG nexus of BSCs

2) To review the existing WEN and GHG emissions instru-
ments by investigating the feasibility, objectives, and re-
quirements of different methods when being applied to
various contexts of “nexus”

3) To provide some recommendations on the most signifi-
cant gaps and required actions for future studies

Methodology

To accomplish the defined research objectives, papers pub-
lished in the area of WEN and GHG emissions in the case of
bioenergy and biomass supply and production systems were
comprehensively reviewed. To this end, a general internet
search was done, and databases like Web of Science,
Scopus, and Google Scholar were used. Boolean searches of
the following keywords were utilized in the search: “water-
energy nexus,” “carbon dioxide emissions,” “bioenergy,”
“biomass sustainability,” and “biomass supply chain.” The
search was limited to papers published in English, but no
limitation was put on the year of publication and geographical
distribution.

Literature Review
Water-Energy Nexus

Review of the recent literature shows that only a few reviews
have been carried out so far on WEN [3, 14, 15]. Some study
focuses on the classification of the method types like profit-
cost assessment, physical model, and optimization manage-
ment approach [16], while others focus on a single sector or
only one task in an industry. Many of them have analyzed the
water footprint and/or performed life cycle analyses (LCA)
[17, 18], while few papers have focused only on integrated
models at scales that are only applied to the WEN studies [19,
20]. Klein and Rubin [21] analyzed the life cycle assessment
of concentrated solar power (CSP) by comparing the life cycle
GHG emissions, water consumption, and direct, onsite land
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use associated with the electricity production from CSP
plants.

Also, a few researchers have reviewed the macro-level
studies and methods that have taken into consideration issues
such as energy, water, environmental elements, food, and land
at various sectors and various geographic scales [15, 22]. The
studies, as mentioned earlier, have significantly contributed to
the body of related knowledge, although WEN has not been
adequately studied in respect to BSCs. For example, from a
chemical engineering point of view, Shastri [23] conducted a
review of the latest progress that has occurred in lignocellu-
losic and microalgal biofuels. His findings indicated that the
WEN would be more and more discussed in the future in
terms of sustainability aspects. Further, it was mentioned that
there is a need for integrated system instruments to find out
dynamics and sectoral interdependencies.

There are a few researches that focus on the WEN in bio-
mass and bioenergy energy supply and production system. A
mixed-integer linear fractional programming (MILFP) model
of shale gas was developed by [24] to optimize the water SC
network and economic performance. In their suggested mod-
el, freshwater consumption is minimized, and at the same
time, profit is attempted to be maximized. In the same year,
another study reviewed the ways biorefineries can be used to
solve the issues related to WEN [25]. They emphasized the
need for the development of process integration and optimi-
zation models that can effectively address the potential inter-
actions with nexus elements. Additionally, they took into con-
sideration the available opportunities for the process systems
engineering methods at the entire BSCs for the effective use of
food-energy-water resources. They tried to connect various
phases of BSCs to the nexus in a complicated manner [25].

In another project, a MILP optimization framework was
introduced by Lopez Diaz et al. [26] to design a bio-refining
system and, simultaneously, consider the interactions with the
neighboring watershed. They adopted a material flow analysis
method to construct an efficient SC for both producing and
distributing raw material, grains, and biofuels for land and
water needs. Yuan et al. [27] designed a life cycle-based
framework with the use of spatial optimization approaches
to evaluate the bioenergy feasibility in a specific area.

In our paper, VOSviewer software is used for the visuali-
zation of the aggregate level of the frequency of keywords like
“WEN” and “biomass and bioenergy.” The use of this soft-
ware allows users to visualize, through infographics, the key
topics or themes clusters, inter-relationships between the
topics, and frequency of certain research areas [28]. This tool
shows the density of interests, identification of areas in need of
more attention, and trends in WEN of BSCs until 2020.

As shown by Fig. 1, five distinct clusters exist among
which the yellow-red group is the most dominant one where
researchers have paid attention to bioenergy, biomass, and
climate changes. As explained earlier, WEN, GHG emission,
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environmental impacts, and life cycle evaluation have not
been addressed sufficiently (red and blue clusters).
Furthermore, bioenergy and optimization methods have re-
ceived much more attention from the academic community
(green and blue clusters). In Fig. 2, the cluster density of co-
occurrences is depicted, which shows words employed to ad-
dress the gaps in WEN in BSC-related studies. This review
showed that WEN, GHG emission, and carbon footprint had
received less attention from researchers working in this field
of study. In Fig. 3, all papers released were categorized based
on their publication year during the last 5 years. Only a few
studies have cited the papers published between 2015 and
2017. In Fig. 4, the recently published articles are separated
based on their geographical scope and affiliations. Findings
showed that just a few countries, e.g., the USA, England, and
China, have focused upon this important issue.

Greenhouse Gas Emissions

The studies already carried out on the air pollution footprints
of supply chains are typically confined to analyzing only a
single country, or in case of international research, the research
is generally confined to the resolution of nations or global
regions. For example, Wang et al. [29] attempted to analyze
issues at a worldwide level in a way to find out the way
methane (CH,4) emission in the international trade and final
consumption has evolved in huge economies from 2000 to
2012. Their findings confirmed that the USA, European
Union, India, Brazil, and China accounted for most of CHy
emitted from production processes from 2000 to 2012. The
authors in [30] carried out in-depth analyses upon the
demand-driven energy, land, and water resources consumed
by the vast Chinese economy during 2012.

In case BSCs are taken into consideration either to maxi-
mize the profit or to minimize the cost, decision-makers need
to consider the sustainability-related issues [31]. In this regard,
only a small number of studies have defined the environmen-
tal, social, and economic goals in optimization processes of
the BSCs to generate bioenergy and bio-products with the
adoption of multi-objective approaches. Environmental
criteria in terms of GHG emissions and carbon footprint have
received less attention in BSC modeling and optimization in
the past. Still, there is a growing recognition in the recent
years. In a recent study, a dynamic simulation model was
developed to assess the effects of changes in the production
technology (PT) and transportation technology (TT) on the
BSC environmental sustainability during 50 years (between
2000 and 2050) regarding three key biomass suppliers in
Malaysia [32]. Table 1 summarizes some recent studies that
have been conducted in the past 10 years (2009-2019).

In order to highlight the environmental gap in BSCs, we
categorized the investigations that have been done for the last
10 years in terms of their sustainability objectives (Fig. 5). The
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Fig. 1 Network visualization of
keywords theme occurrences
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number of studies that have taken into consideration the envi-
ronmental, social, and economic issues when designing
models has been comparatively stable between 2009 and
2017; however, an abrupt rise can be observed in this regard
in 2018. It shows an increased interest of scholars in designing
and optimizing BSC models with the integration of the three
main sustainability elements. Especially, the environmental
and social objectives need more attention. Also, during the
past decade, only a few researchers have considered all three
aspects of sustainability, as mentioned above (i.e., social, en-
vironmental, and economic) at a single research.

Figures 6 and 7 show the distribution of articles in terms of
biomass, bioenergy products, supply chain system, and envi-
ronmental objectives. It can be seen that different bioenergy
production such as wood was considered in the investigation,

Fig. 2 Density visualization of
key theme occurrences

but less attention was paid to environmental factors such as
GHG emissions in terms of multi-objective optimization ap-
proaches and source of uncertainties in BSCs. Besides, most
of the studies are conducted in some specific regions such as
the USA and some European countries. Having said that, there
are some studies on biomass and bioenergy products conduct-
ed in other different regions like Africa, Malaysia, Australia,
and Indonesia (Fig. 8).

Discussion and Future Directions

Many countries have focused on taking effective measures to
alleviate climate change, especially with the current increased
public awareness on unwanted costs of climate change. Most
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Fig. 3 Network visualization of
author theme occurrences
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of the current air pollution is due to GHG emissions that can
threaten public health. A new challenge for the biomass and
bioenergy industry is how to achieve low or zero GHG emis-
sion, optimal WEN, and a properly protected environment.
However, current literature lacks a comprehensive investiga-
tion specifically on these issues. Only a few approaches have
been proposed in literature specifically to support the suprem-
acy and application of technical solutions. This issue can offer
a challenging area for researchers working in this area of study

if they are aimed at having a more considerable influence on
resource-related policy-making processes and management.

Appropriately, analyzing GHG emissions, water usage, and
energy consumption regarding BSCs can provide a great aid
to the decision-makers and policy makers to utilize the re-
sources in the most effective way with less risk. However,
only limited research has been carried out to investigate such
significant issues of environmental sustainability in the con-
text of the biomass industry.

Fig. 4 Network visualization of
organization theme occurrences
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Economic Environmental Social

Numerical

To design of a sustainable supply chain network for maximizing social benefits

Stochastic programming and fuzzy

v

v

Tsao et al. [53]

example

while minimizing economic costs and environmental impacts

probabilistic multi-objective

programming

MILP

us

To simultaneously optimize feedstock sourcing decisions, and optimal

v

v

Roni et al. [54]

pre-processing depot locations and size

A large number of studies have been conducted to develop
innovative methods and frameworks for systematically eval-
uating the interrelationships between energy, water, and other
key elements. A singular framework for conducting a “nexus
research,” however, is missing in the literature. Based on the
papers and approaches reviewed in the present research, nu-
merous studies are at the “understanding” stage focusing on
analyzing the trend of WEN in a quantitative manner. Only a
small number of researchers have comprehensively analyzed
the water-energy-greenhouse gas nexus at a relevant geo-
graphic scale like the city, national, or regional level. Some
model frameworks have been introduced in literature with the
aim of better understanding WEN in their defined scope. A
number of these studies have investigated the WEN-related
research together with the corresponding models. Most of
these studies are carried out in the USA and Australia [14,
55]. Tt is not easy to evaluate the comparative benefits of
duplicating or adapting those methods/models for various
contexts or in different geographic regions.

Likewise, dynamic problems have been even less investi-
gated. Dynamic simulation approaches, for instance, the use
of AnyLogic software, combined with life cycle assessment
model such as GREET (Greenhouse gases, Regulated
Emissions, and Energy use in Transportation), can be of great
usefulness in the analysis of the dynamic nature of BSCs and
environmental effects (e.g., WEN and carbon footprint that
cannot be examined independently for each phase of BSCs).
Researchers can utilize dynamic system modeling when de-
signing models consisting of one or multiple values that vary
over time. Besides, through this approach, complex environ-
ments can be graphically displayed, which facilitates the in-
vestigation and exploration of various potential scenarios and
makes it easy to detect the system’s behavior at particular
times with any necessary details. Moreover, there is a need
to understand the complex relations in the BSC processes with
various “what-if” scenarios when the system consists of
uncertainties.

In an integrated model, one of the most critical functions is a
long-term scenario analysis. Such scenario analysis would need
a long-term study of historical data about energy and water.
However, our review of the literature revealed that only a small
number of researchers, such as [56], had conducted historical
analysis on WEN. In some countries such as Malaysia and
Australia, WEN has remained unstudied, and enough research
has not been conducted on how urban growth affects the avail-
ability and consumption of water and energy. Therefore, there is
still room to research these topics. The WEN historical variation
can be well considered to find out the interconnections among
elements in the past and to determine the most effective param-
eters on changes that may occur in water and energy dynamics.
Historical data analysis also helps to predict more effectively
the prevailing risks, available options, and current trade-offs
between strategies and planning opportunities.
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Fig. 5 Biomass supply chain
articles in terms of sustainability
objectives

The literature lacks a mathematical framework applying the
WEN concept to BSC modeling. To explore how various envi-
ronmental aspects like energy consumption, GHG emission, and

Fig. 6 Network visualization of
keywords theme occurrences
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Fig. 7 Density visualization of
principle theme occurrences
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tal factors. Most of the existing research is centered around the =~ mental sustainability in BSCs. Besides, a multi-objective ap-
BSC economic effects; though, mathematical tools can be of  proach can be developed to analyze the existing options for

Fig. 8 Network visualization of
organization theme occurrences
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synergistic interactions between water-energy-greenhouse gas
nexus for the biomass and bioenergy supply and production
system.

Research into biomass generation and processing has been
often confined to specific countries possessing certain biomass
types, raw materials, climate, and political/economic condi-
tions. Thus, this market requires approaches with the capacity
of capturing the significant impacts at local scales in a way to
provide solutions better adapted to local circumstances and also
facilitate synergistic interactions. Nonetheless, the approaches
proposed for these purposes need to have enough flexibility for
adjusting the study level to a scale that can be appropriately
used by policymakers. Mainly, there is a need for approaches
capable of modeling the way local decisions influence national
development and vice versa. To this end, case studies are re-
quired to be carried out on BSCs in countries with different
climates to average geographical biases.

It is necessary to enhance the capacity of classifying and
comparing the capabilities, strengths, and weaknesses in cur-
rently used approaches. It will help stakeholders to effectively
make use of existing knowledge to enhance the quality of
water/energy resources management. Also, it helps the aca-
demic community to be more focused on the effective im-
provement of the existing knowledge and even on governance
and implementation of WEN.

In the following, some priority elements are provided to improve
the management of WEN and GHG emission of BSCs:

» Combining available guidelines, standards, and funding to
enhance the WEN efficiency

* Developing educational programs at different levels

» Designing effective methods applicable to quantifying and
tracking WEN and GHG emissions

Conclusion

To achieve a sustainable development at all scales, water-
energy nexus (WEN) and GHG emissions need to be effec-
tively managed. Inclusive analysis of WEN and the GHG
emission trends can provide a deeper understanding of the
quantitative interconnections between energy and water.
Also, it can direct the related actions and policies toward op-
timization of outcomes and minimization of environmental
risks.

During the last decade, issues related to the “water-energy-
GHG nexus” have received increasing attention from both
academic and policy-making communities. For the present
study, recently published academic literature pertaining to
WEN and GHG emission for biomass and bioenergy energy
and production system was comprehensively surveyed. This
paper not only summarized various existing approaches to

analyzing WEN and GHG emissions but also discussed these
approaches in terms of their key purposes. As findings indi-
cated, the research into WEN has grown substantially in recent
times, in terms of the number of papers and the capability of
the academic groups.

The findings of the present paper will help researchers who
work on renewable energy issues and potential users of the
bioenergy industry to obtain a deeper understanding of the
current state of knowledge in terms of WEN and GHG emis-
sion. In the future, researchers need to capture the details of
WEN and GHG trends with respect to BSCs in addition to
developing more conscious approaches with numerous objec-
tives, stages, and scales, based on all probable uncertainties.
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