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Review of quantitative research methods

for Water-Energy-Food nexus

WANG Yu, WANG Huixiao, YANG Yaxue, LI Hongfang

(College of Water Sciences, Beijing Normal University, Beijing 100875, China)

Abstract: Eight quantitative WEF nexus (the water-energy-food nexus) research methods are frequently used or have great po-
tential in the current research of WEF nexus. These methods include WEF Nexus Tool 2.0, Life Cycle Assessment (LCA),
Computable General Equilibrium model (CGE) , System Dynamics modeling (SD) , Climate, Land, Energy and Water Strategies
(CLEWS) ,Multi Scale Integrated Analysis of Societal and Ecosystem Metabolism (MuSIASEM) , Market Allocation/The Inte-
grated MARKAL-EFOM System (MARKAL/TIMES) and Water Evaluation and Planning-I.ong-range Energy Alternatives
Planning System (WEAP-LEAP). By summarizing the generation,development,and characteristics of 8 quantitative research methods,and
citing cases to discuss their scope of application, the advantages and disadvantages of each research method and the key points that need to
be paid attention for further use were analyzed. Besides, the trend of the development of quantitative research methods of WEF
nexus in the future was also discussed. It is believed that with the increasing attention on sustainable development and the ex-
ploration of the internal mechanism of WEF nexus, the quantitative research methods of WEF nexus may need more attention to
the accuracy of quantification and the interoperability of data,as well as the interdisciplinary research and multi-method cou-
pling. This article can provide references for the selection and optimization of quantitative research methods of WEF nexus.

Key words: water-energy-food ; nexus; quantitative research; method applicability; sustainable development

Introduction The concept of water-energy-food
nexus ( WEF nexus) was first introduced by the
German Federal Government at an international
conference in Bonn in November 2011. WEF nexus
is reflected in the following aspects: food produc-
tion requires water and energy; water extraction
and distribution need to be supported energy; wa-
ter is necessary for energy production; food price is
very sensitive to the cost of energy input in chemi-
cal fertilizers, irrigation, transportation, and pro-

cessing. In short, there is a complex nexus of wa-
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ter, energy, and food. The stability of a single re-
source does not guarantee long-term social securi-
ty. Instead, it is necessary to consider their interac-
tion and potential conflicts in production, consump-
tion, and management, and formulate reasonable
multi-resource strategies.

WEF nexus later received attention from vari-
ous institutions and organizations. The Report on
the Water-Food-Energy Nexus in Asia Pacific
Region issued by the United Nations Economic and
Social Commission for Asia and the Pacific(UNES-
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CAP)™ in 2013 proposed that water, energy, and
food are closely interlinked in time and space. Pit-
tock et al. "*'studied the dynamic changes and cop-
ing strategies of WEF nexus under the influence of
ecological and social changes. With respect to water
resource management, Asian Development Bank
(ADB)" suggested that the complexity of WEF
nexus requires improving water management and
changing the extensive exploitation of water re-
sources. In 2014, the Food and Agriculture Organi-
zation(FAQ) of the United Nations"* analyzed how
the WEF nexus approach can be used to guarantee
food security and sustainable agricultural develop-
ment. In the meantime, achievements have been
made in the quantitative study of WEF nexus” %,
with innovations and breakthroughs in research
methodology'".

The research methods of WEF nexus have
been extensively reviewed in other countries. The
International Renewable Energy Agency ( IRE-
NA)¥) summarized eight WEF nexus methods in
terms of input data, output results, and analytical

characteristics. Semertzidis™’

categorized the mod-
eling approaches that link energy with other sys-
tems(e. g. , water, food, and land) from multiple
perspectives, and discussed the limitations of top-
down and bottom-up research methods. Kaddoura
et al. "outlined the characteristics as well as the
advantages and disadvantages of six WEF nexus
modeling methods used to make comprehensive de-
cisions and pointed out that requirement for large
amount of input data represents the major limita-
tion of current WEF nexus modeling methods. En-
do et al. """ summarized the methods used in 37
projects associated with water-food, water-energy,
water-energy-food, and water-energy-food-climate
change relations in seven study areas. Dai et al. '
reviewed the 35 macroscopic modeling approaches
used for water-energy nexus, which were divided
into water-energy nexus ( WEN) , water-energy-envi-
ronment nexus ( WEEN), water-energy-food nexus
( WEFN ),
(WEFEN) , and water-energy-land use-climate nex-
us(WELCN). A brief description of each modeling

method was provided, and 14 methods were devot-

Waterfenergyffoodfecosystem nexus
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ed to WEFN, WEFEN, and WELCN. Zhang et
al. ') discussed the advantages/disadvantages and
applicability of eight WEF nexus modeling meth-
ods, and pointed out that no method was suitable

[ assessed the com-

for all situations. Dargin et al.
plexity of eight WEF nexus methods by construc-
ting a "complexity index", and suggested that al-
though complex methods meticulously captured the
details of nexus, simple methods were superior in
the interaction design involving multiple systems.

The WEF nexus research methods used in
China have not been reviewed. The only publication
is a brief categorization of the data and methods of
WEF nexus by Li et al."® who suggested that
quantification of pairwise relationships was unsuit-
able for the study of WEF nexus.

Currently, the development of WEF nexus has
entered a new stage in which theory and practice
unite'"”’, With the continuous emergence of quanti-
tative research results, the specific research meth-
ods addressing resource and development problems
still have their own limitations™*’. To address these
issues, it is necessary to summarize and discuss the
quantitative methods used in the study of WEF
nexus to address these issues. Comparison reveals
significant differences in existing quantitative WEF
nexus research methods regarding the specific
methods selected and the focus during selection,
suggesting that the methods selected for the quan-
titative study of WEF nexus are not limited to spe-
cific and repeatedly used methods''*. With the
changes in research scale, perspective, and period,
researchers may choose different methods accord-
ing to disciplinary preferences. Meanwhile, new re-
search methods are being developed,and the quan-
titative methods widely used in other fields are
gradually introduced to WEF nexus and have prov-
en to be practical. Given the dynamic development
of WEF nexus quantitative research methods, we
select eight quantitative methods that occur fre-
quently in reviews or have been proven to have
great potential in WEF nexus. We summarize their
principles, applicability, advantages, and disadvan-
tages,and discuss their current applications and fu-

ture development, in order to provide a reference
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for the selection of quantitative methods in the
study of WEF nexus.

1 History of study on WEF nexus from a
methodology perspective

The history of WEF nexus study can be divid-
ed into two stages: qualitative research and quanti-
tative research. The main task of qualitative re-
search is to elucidate the mechanisms underlying
WEF nexus,including system boundaries and inter-
system interaction mechanisms. Due to different re-
search scales, purposes, and periods"'™ , there is no
generally accepted definition of WEF nexus, and
understanding of the concept from different per-

n

spectivest’™ has led to " a hundred schools of
thought contend". This stage of development ex-
tends from 2011 to 2014. The main achievement of
quantitative research is to offer comprehensive so-
lutions to practical problems through the WEF
nexus concept. With the systematic perspective of

[18]

WEF nexus applied in multiple fields"'*,its exten-

sion has been gradually explored, and the derived
systems WEFEN and WELCN have become popu-

lar research objectsH*

. At the same time the focus
has gradually shifted from the interaction of two
resources ( water-energy, water-food, and energy-
food) to the coordination, balance, and sustainable
development of multiple resources™'*!. This stage of
development has occurred since 2014,

It is noteworthy that there is no clear cut-off
point but an overlapping area between the two sta-
ges: qualitative research establishes the theoretical
basis for quantitative research, whose application in
specific cases provides the empirical basis and mo-
tivation for deepening the concept of WEF nex-
us', In general, WEF nexus has developed from

qualitative to quantitative studies.

2 Main quantitative methods for the study of
WEF nexus

Based on existing literature, we select eight
main quantitative research methods for WEF nex-
us,some are specifically developed for WEF nexus
and others are interdisciplinary methods. The de-

tailed selection criteria are described as follows.

(1) The methods should have the ability to solve
problems based on WEF nexus,to quantify and as-
sess the interactions of water, energy,and food,and
to weigh the impacts of the three resources on the
study area independently (or as the primary re-
search method). (2) The methods should consider
the extensibility of WEF nexus,1. e. , the influences
of external factors such as environment, policy,
economy, and society, (3) The methods should
have practical cases in WEF nexus research, or
great advantages in the study of interactions,or po-
tential application to quantitative research of WEF
nexus. (4) The methods should be frequently used
and have been cited in existing reviews.

In the following sections, the eight selected re-
search methods are discussed in terms of principles
and characteristics, generation and development,
advantages and disadvantages, and applicability in

WEF nexus research.

2.1 WEF Nexus Tool 2.0

WEF Nexus Tool 2. 0 is a special research
method for WEF nexus based on scenario analysis
and the principle of input-output calculation. The
scenario is set by input of parameters of the study
area, including food self-sufficiency, agricultural
structure, water supply structure, energy supply
structure, and food import/export data. Input-out-
put calculation gives the interactions of water, en-
ergy.and food, such as the impact of food produc-
tion on energy trade, energy consumption of water
treatment and supply.and the virtual water volume
required for food production. Next, the capital in-
vestment cost and CO, emissions of the study area
are calculated. Finally, different scenarios are as-
sessed through the calculation of the "sustainable
development index".

To study the sustainable development in Qa-
tar, Bassel first developed the WEF Nexus Tool
1.0, which was released in October 2013 after
framework improvement by the Qatar Environment
and Energy Research Institute. Based on the feed-
back from more than 20 countries and 50 organiza-
tions worldwide, an updated version, namely WEF
Nexus Tool 2. 0 was launched. Through the study

of Qatar,Bassel found that water, energy,and land
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are highly sensitive to changes in food supply
method,and that an important way to achieve sus-
tainable development of WEF in Qatar is to in-
crease local food production, support research on
crops suitable for arid areas,and attach significance
to the adjustment of agricultural trade strate-
gies'® . This case study breaks the limits of tradi-
tional research on regional resources in which wa-
ter, energy, and food are analyzed as independent
systems, and identifies the main factors limiting
sustainable development in Qatar. These findings
provide insights for synergistic optimization of wa-
ter-energy-food in arid countries and regions, as
well as methods and ideas for the quantitative study of
WEF nexus worldwide.

Unlike most WEF nexus quantitative research
methods, WEF Nexus Tool 2. 0 can be operated via
a web interface. It also provides a lightweight ver-
sion that can be easily used by those without pro-
fessional background, which helps spread and
popularize the concept of WEF nexus. The "sus-
tainable development index" is determined by "re-
source index" and " importance coefficient". The
objective limitations of resources and the subjec-
tive preferences of decision makers are considered
to increase the applicability of this method in dif-
ferent countries and regions. Nevertheless, WEF
nexus Tool 2. 0 can only be used in evaluation at
static time points''®’. The major setback is the in-
ability to explore the response and development of
WEF nexus in the context of future population
growth and climate change. In addition, WEF
nexus Tool 2. 0 may lose some key elements dur-
ing scenario simplification ( For instance, it asses-
ses environmental impacts only from the perspec-
tive of carbon emissions, while neglecting the neg-
ative  environmental  benefits  brought by
wastewater discharge and chemical fertilizer appli-
cation in agriculture) , and thus it is unsuitable for

detailed simulation.

2.2 Life cycle assessment(LCA)

LCA is a management evaluation method used
to quantify the impact of a given product or process
on the environment throughout its life cycle .

Through the four steps of goal and scope defini-
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tion,inventory analysis, impact assessment,and in-
terpretation, the inputs, outputs, and potential en-
vironmental influences throughout the life cycle of
a study subject are recorded to identify the factors
with possible significant impacts on environ-
ment?'? LCA dates back to research on the se-
lection of Coca-Cola bottle material by the Midwest
Research Institute in the US in 1969. In the follow-
ing half century, the methodology and application
of LCA have been greatly expanded.

Environment is closely related to water, ener-
gy, and food systems. Therefore, it is critical to
quantify the impacts of subsystems on environ-
ment with the LCA method, in order to achieve
the sustainable development of water-energy-food
in the study of WEF nexus. For example, Al-An-
sari et al. 1) proposed an improved LCA method
based on WEF nexus, which describes Qatar as
the integration of agriculture, water resource, and
energy subsystems. Environmental impact assess-
ment was carried out in various technology alloca-
tion scenarios on the premise of food self-suffi-
ciency, which found that the emitted greenhouse
gases from fermentation in livestock intestine
made the greatest contribution to the global war-
ming potential (GWP), and GWP would be re-
duced by 30% if fossil fuels were replaced by so-
lar energy. Jeswani et al. ") studied breakfast ce-
reals and cereal snacks produced by Kellogg Eu-
rope. The carbon, water, and energy footprints of
their life cycles were analyzed by LCA to investi-
gate the effect of a complete food supply chain on
WEF nexus. The results showed that raw materi-
al production of ready-to-eat cereals consumed
90% of water used throughout the life cycle,
while the manufacturing process consumed the lar-
gest proportion of primary energy'*!. On the prem-
ise of maintaining sustainable development and en-
vironmental friendliness, LCA shows a new entry
point for quantitative study of WEF nexus by eval-
uating the environmental impact of resource con-
sumption, in order to achieve sustainable use of
water, energy,and food,and thereby to reduce neg-
ative environmental benefits. In particular, LCA

provides a good decision-making strategy and eval-



WANG Yu,et al.

Review of quantitative research methods for Water-Energy-Food Nexus

uation system for the allocation of resources in
subsystems.

LCA has currently been well developed but
still has some limitations"**; (1) high dependency
on data and difficulty in application to areas with
scarce data®’, (2) high time and economic costs of
evaluation. (3) focus on environmental impact
without consideration of social factors*”. (4) un-
suitability for dynamic analysis of complex sys-
tems. (5) subjectivity in setting functional units
and system boundaries and thus large truncation
errors in calculation .

2.3 Computable general equilibrium (CGE)
model

The CGE model was derived from the general
equilibrium theory developed by economist Walras,
and it is a macroeconomic model widely used in
policy analysis. A typical CGE model uses a set of
equations to describe the relationships of supply,
demand, and market. Under various optimization
constraints, this equation set is solved to obtain a
group of quantity and price values when each mar-
ket reaches equilibrium.

The most prominent advantage of CGE model
is that the impact of policy change on WEF nexus
is assessed through price mechanism. It has an im-
portant role in the study of the complex relation-
ships of water resources with resource environ-
ment, economy, and society'?"!, and it is therefore
more applicable to the study of WEF nexus.
Wianwiwat et al. ©*®) demonstrated through CGE
model that policies promoting biofuels would in-
crease agricultural product price and reduce food
production in the short term; however, this nega-
tive impact would be gradually brought under
control in the long run. A similar study by Ge et
al. *Iproved that biofuel production in areas un-
suitable for growing food would raise food securi-
ty in China. He et al. "**’ constructed a CGE model
of water resources in Beijing, China to simulate
the impact of policies on water supply and use on
local economy and water use, and verified that the
South to North Water Transfer project played an
important role in promoting the economic develop-
ment of Beijing. The CGE model establishes

quantitative relationships among the various com-
ponents of economic system, provides a compre-
hensive explanation of macroeconomics and its in-
teractions with natural resource systems,and thus
promotes the depiction of WEF nexus from an eco-
nomic point of view.

However, the CGE model suffers from the fol-
lowing shortcomings: (1) it is a quantitative model
and cannot make predictions by itself. (2) many
parameters are involved,and the validity of model-
ing results largely depends on the quality of data
used in model calibration. (3) the simple economic
assumptions used in the model may not truly re-
flect the actual situation, leading to large deviations
in assessment results.

2.4 System dynamics(SD) model

The SD model is a modeling approach based
on causal mechanism and was developed in 1956 by
Professor Forrester at the Massachusetts Institute
of Technology"". Through the establishment of a
causal feedback loop among variables within a sys-
tem, comprehensive analyses of multiple systems
can be achieved at the macroscopic and microscopic
levels. The SD model emphasizes a systematic and
holistic point of view as well as the concepts of
connection, development, and movement, It com-
bines qualitative and quantitative analyses and is
suitable for solving the system problems with high
order, nonlinearity, and complex time-variation in
the fields of economy, society, and ecological envi-
ronment. The software programs used for the SD
model include DYNAMO, powersim, vensim, stel-
la,and ithink"?.

As a visual simulation tool with high plastici-
ty, SD model is suitable for solving multidiscipli-
nary problems™**). Feedback and delay of variables
are considered when building the model, which is
more consistent with a real complex system. Dy-
namic analyses of different scenarios can be per-
formed at the same time to provide a scientific ba-
sis for decision-making. Description of the dynamic
network characteristics of WEF nexus by SD mod-
eling facilitates the transformation from concept to
practice. Many results in the study of WEF nexus

with SD model have been reported in other coun-
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tries. Halbe et al. ®Y studied the possibility of
achieving sustainable development in Cyprus from
the perspective of different stakeholders by con-
structing a WEF feedback loop. Based on a survey
of 419 households in Duhok City, Iraq, Hussien et
al. "Jdeveloped a household-scale SD model using
a bottom-up approach involving the effects of fami-
ly size,diet,income,and climate on WEF at end-use
level. Mi et al. ™ simulated the WEF system in
China by constructing a SD model with 17 varia-
bles. Li et al. " constructed a causal network of
Beijing with water-energy-food as the main compo-
nent,along with social, economic, and environmen-
tal subsystems. These findings suggest that the SD
model is suitable for quantitative study of WEF
nexus.

However, the simplification of real system by
the SD model can be easily affected by subjective
factors,leading to inconsistency between the model
and reality that requires repeated parameter tuning
to improve the authenticity of model. In addition,
the need for large amounts of data also increases
the difficulty of SD model construction.

2.5 Climate, land, energy, and water re-
source strategy (CLEWS)

CLEWS, which was developed by Howells et
al. ®”in 2013, is a framework that can be used to
integrate existing modular  simulation tools.
Through identification of the feedback of systems
and analysis of how they interact with each other,
the development goals can be achieved. CLEWS
toolkits mainly include water evaluation and plan-
ning(WEAP) ,long-range energy alternatives plan-
ning system ( LEAP), and global agro-ecological
zoning model(GAEZ) ™%,

As an integrated model, CLEWS is complex
and flexible. On one hand, it overcomes the inher-
ent limitations of single-system modeling approa-
ches and uses systematic thinking to better capture
the complexity of multiple systems. On the other
hand, data requirement is minimized to facilitate
application in areas with limited data available™.
Through the research on the interactions of water
resource, energy, land-use, and external pressures

such as climate change, CLEWS quantifies the use
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of resources,the emission of greenhouse gases,and
the costs required to meet the WEF security tar-
gets. CLEWS also supports policy coordination and
scenario development to help evaluate policy in the
study of WEF nexus''>*J, CLEWS has been ap-
plied in various case studies in Africa, small island
developing countries, and European transboundary
basin, with a focus on multi-resource relationships
in a given context,such as the relationships of wa-
ter resource usability, hydropower, ecosystem in-
tensity, and agricultural intensification'"!. There-
fore, CLEWS coordinates and assists the study of

WEF nexus.

However, CLEWS also has drawbacks. For ex-
ample, the roles of economic factors on achieving
future development goals are not clearly indicated
in the consideration of economic systems, resulting
in the lack of an economic framework""’, The scope
of the CLEWS model needs to be further expanded
in the future to combine social and economic simu-
lations, such as population, gross domestic prod-
uct, urbanization, and international trade, in order
to achieve fully integrated WEF nexus quantifica-
tion.

2.6 Multi-scale integrated analysis of socie-
tal and ecosystem metabolism ( Mu-
SIASEM)

MuSIASEM, which was proposed in the 1990s
by Italian scholar Mario Giampietro and Japanese

91 is an approach used to

scholar Kozo Mayumi
analyze the sustainability of social development
based on social metabolism theory. Through the
combination of the “metabolism” of socioeconomic
systems(e. g. , biophysical processes) with econom-
ic, demographic, ecological, and social characteris-
tics, the values of human activity time, extracorpo-
real energy input, labor productivity, and bioeco-
nomic stress of a system can be calculated to com-
prehensively assess the system's development level
and sustainabilityt'*.

Originally used to analyze the energy metabo-
lism pattern in modern society, MuSIASEM has
now been extended to the study of WEF nexus to
analyze and explore the relationships of the metab-

olism patterns of water, energy, and food with so-
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cioeconomic and ecological variables. Using the
MUuSIASEM approach, Giampietro et al. ') ex-
plored the WEF problems in three typical regions
(analysis of options for biofuel production from
sugarcane in the Republic of Mauritius, explora-
tion of future food production in Punjab, India,
and assessment of the power generation potential
of concentrated solar and woody biomass in the
Republic of South Africa). The authors showed
that applying MuSIASEM to WEF nexus could
be challenging, which is notably reflected in un-
derstanding and connecting interdisciplinary
knowledge, pretreatment of input data, and calcu-
lation errors generated during the conversion of
the actual consumption of water, energy, and food
into "virtual flow" (such as virtual water). How-
ever, these three cases broaden the study of WEF
nexus by encompassing not only the WEF system
itself but also land, economy, human capital, and
ecosystems, and thus provide new rational expla-
nations for the quantitative relationships within
WEF nexus from the perspective of social economy
and ecosystem metabolism.

MuSIASEM is highly applicable at various da-
ta scales. In the study of WEF nexus, MuSIASEM
describes the WEF "metabolism" patterns associat-
ed with socioeconomic and ecological variables using
complex theoretical concepts and bioeconomic con-
cepts(flow-fund modeD). It also allows users to per-
form diagnosis and simulation. However, Mu-
SIASEM has some defects in data and structure;
(1) requirement of detailed input data. (2) difficul-
ty in explanation and summarization of the large
volume of output information. (3) difficulty in es-
tablishing the links between biophysical processes
and economic flow. (4) inability to calculate costs
and benefits, to make predictions, and to provide the

dynamic analysis of different development models.

2.7 Market allocation(MARKAL) /the inte-
grated MARKAL-EFOM

(MARKAL/TIMES)
MARKAL is a comprehensive energy system

system

optimization model developed by the International
Energy Agency (IEA) in the 1970s and can be used

to predict energy-economy-environment evolution

on multiple geographic scales. TIMES is an upda-
ted version of MARKAL. Unlike MARKAL,
TIMES allows customization of simulation time
step and more flexible refinement of energy use
time identification.

customized in

Energy use time can be

MARKAL and TIMES, the "best" reference ener-

gy system for each time period is then identified

through calculation of the lowest cost path of the

energy system, which is used for analyzing the im-

pacts of technology investment and policy selec-

tion related to energy development on water re-
source use-'*). Therefore, remarkable results have
been achieved in terms of water-energy( WE) re-
lationship, including the impacts of technology in-
vestment and policy selection related to energy
systems on water use, as well as on the changing
demand for water resources by energy in water
shortage scenariost”. Although MARKAL and

TIMES well capture the complexity of energy

systems, direct quantitative analysis of water-food

(WE) relationship is limited by the subjects that

can be assessed by these two methods. Moreover,

the weakness in depicting the correlations of mul-
tiple systems prevents them from being used as
independent WEF nexus research methods. In-
stead, they are often used in conjunction with wa-
ter/food/land-use research methods. In addition,

MARKAL and TIMES are mostly used in the

fields of energy strategy and climate change in Chi-

na-®**, which provides a new direction of WEF
nexus research from the perspective of sustainable
development.

It is worth noting that MARKAL and TIMES
have high requirements for input data(especially in
the calibration of historical data) and are more
suitable for exploring future scenarios but not for
short-term planning or emergency response.

2. 8 Water evaluation and planning-long
range energy alternatives
system( WEAP-LEAP)

WEAP and LEAP are two software models
developed by Stockholm Environment Institute
(SEI) and have been widely used worldwide be-

cause of their flexible structures and easy opera-

planning
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tions.

WEAP supports comprehensive assessment of
water resources, including comparison and predic-
tion of water supply and demand as well as the im-
pacts of different management models on water
quality and quantity. Based on the principle of wa-
ter balance, water users and suppliers are consid-
ered comprehensively. The simulation of compre-
hensive methods and policy orientations of water
resource system can be realized by generalizing ele-
ments in the system. WEAP has a user-friendly in-
terface and easy operation,and allows the selection
of data structure according to research needs.
LEAP model supports energy policy analysis and
greenhouse gas emission reduction planning, as
well as top-down and bottom-up modeling meth-
ods. The input data are divided into the modules of
energy demand, statistics, conversion, storage, re-
source, and emissions from non-energy-consuming
sectors, Its flexible structure allows users to build
their own data structures according to research ob-
jectives and data feasibility. It also gives compre-
hensive consideration of factors such as popula-

tion, technology, price, and economic development

in simulation and prediction of energy consumption
and greenhouse gas emission trends in different
scenarios.

Although WEAP model and LEAP model
can each provide a comprehensive description and
analysis of water resource and energy systems,
the links between systems are weak. Therefore,
they should not be used as independent and com-
plete WEF nexus research methods. Considering
their strengths and weaknesses, WEAP and
LEAP are commonly used in combination in the
study of WEF nexus. For example, Karlberg et
al. **'combined WEAP and LEAP to assess the
impacts of different development patterns of ag-
riculture, energy, and environment in Ethiopia’ s
Lake Tana sub-basin, and to analyze the cross-system
links and multi-resource competition in food-energy-
environment system. In addition, WEAP and LEAP
models are used in the CLEW toolkit-**. The combina-
tion of WEAP and LLEAP provides an excellent case
study for combining multiple models in the evaluation
of WEF nexus.

Comparison of the characteristics of the eight

WEF nexus research methods is shown in Tab. 1.

Tab. 1 Comparison of the characteristics of eight WEF nexus quantitative research methods in the present stage

WEF nexus re-

search methods

Application

Models Application scales

search perspectives

Application Dynamic analy- Data re-

Others

time frames sis applicability quirement

WEF Nexus Simulation

National scale Irrelevant

Static  simula- Scenario analysis models

Yes Low

Tool 2.0 model tion that can be used online
. Quantitative National/basin . Environmental assess-
LCA . Irrelevant Irrelevant No High
analysis model scales ment method
o Quantitative National/global/re- . )
CGE Top-down Irrelevant No High Economic model

analysis model gional scales

Simulation

Optional , most-

Especially suit- Various software

SD Multiscale able for medi- Yes High available(vensim more
model ly top-down
um/long terms commonly used)
. Integrated . Toolkit-de- . Toolkit with different
CLEWS Multiscale Medium term Yes Low
model pendent sub-tools
. Integrated National/regional .
MuSIASEM Irrelevant Irrelevant No High —
model scales
MARKAL/ Simulation . Medium/long . Energy models used in
Multiscale Bottom-up Yes High oo
TIMES model terms combination
Water/ models
Integrated National/regional Short/long . . elf energ}i . Ae ®
WEAP-LEAP Bottom-up Yes Medium  used in combination/ sin-
model scales terms .
gle system modeling tools
- 58« k% kE B
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3 Discussion on quantitative research meth-
ods of WEF nexus

3.1 ecommendations for selection of quanti-
tative research methods for WEF nexus
in the present stage

3.1. 1 Selection of research methods based
on data feasibility

Different WEF nexus quantitative methods
have different data requirements. Complex research
methods often require data with high extensiveness

and resolution™

. Typically, complex quantitative
methods can be used for more comprehensive and
detailed analysis of WEF system, narrowing the
scope of study. For example, LCA enables detailed
assessment of the environmental impacts of re-
sources throughout their life cycles, and has great
advantage in linking WEF system with environ-
mental system. However, the focus of research
shifts to the environmental impacts of resources,
rather than the specific promotion and limitation of
the three resources and their socioeconomic influ=
ences. Less complex quantitative methods, such as
WEF Nexus Tool 2.0, have low requirements for
input data and simple operation processes. In con-
trast to complex methods, their outputs better cap-
ture the links of resources and evaluate WEF nexus
in the study area from a synergistic, integrated
view point. Therefore, complex methods do not
necessarily lead to better results. What's more, re-
search objectives and data feasibility should be con-
sidered comprehensively in the selection of WEF
nexus quantitative research methods that not only
match the accuracy of existing data but are also be
suitable for addressing the main issues in the study
area.

3.1. 2 Selection of research methods based
on spatial and temporal require-
ments

As important components of WEF nexus, wa-
ter,energy,and food change dynamically with time
and space, which to some extent increases the re-
quirements for the quantitative methods used in the

study of WEF nexus. On the one hand, the division

of spatial unit of research objects depends on the
requirement of output accuracy. Rough division is
unfavorable for result expression, while fine divi-
sion increases research input and cost. Therefore, it
is necessary to reasonably divide the spatial unit in
accordance with the specific characteristics and ob-
jectives of WEF nexus in the study area,in order to
maintain the integrity of WEF nexus characteris-
tics in the study area while the accuracy require-
ments are met. On the other hand, temporal scales
tend to be data-oriented. If simulation is needed,
appropriate simulation time and step size should be
determined, in order to reduce the dependence on
data and the difficulty of running and verifying the
simulation.

3.2 Future development in quantitative re-

search methods of WEF nexus

3.2.1 Focus on quantitative accuracy and
data interoperability

Currently, most WEF nexus studies are con-
fronted with various levels of problems derived
from high requirements and low availability of da-
ta, which increases the difficulty of data collection
and processing in the early stage,and poses a chal-
lenge to the research methods. Lack of data results
in missing parts and reduced credibility of results,
while the size of data points directly affects the ac-
curacy of results. Studies on different spatial scales
have different requirements for data. Current quan-
titative studies of WEF nexus usually select small
or special study areas with great research signifi-
cance** 1 However, with the extension of appli-
cation, the concept of WEF nexus may be applied
to larger research scales. In general, larger systems
place greater attention on social and economic da-
tal"”), However, the quality of data published by
government and other agencies varies due to differ-
ences in statistical specifications and data stand-

181 This leads to limited usability and great

ards
uncertainty to the study of WEF nexus. Data usa-
bility should be improved in WEF nexus studies to
solve this problem. On the one hand, efforts should
be made in data monitoring, collection, processing,

and uncertainty analysis. On the other hand, stand-
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ardized and modular model structures should be
used to allow users to produce robust, high-accura-
cy results with low input data requirements. In ad-
dition, the heterogeneity of data on water, energy,
and food causes some difficulty in decision-making.
Therefore, increasing the interoperability of data is
also a direction for the development of WEF nexus
quantitative research methods.

3. 2. 2 Emphasis on interdisciplinary re-
search and multi-method interac-
tion

Since WEF nexus is a semi-open system, there
are not only interactions of water,energy,and food
systems but also perturbations from external sys-
tems such as economic, society, environment, and
land. Meanwhile, the stability of external systems
is influenced by WEF nexus. Therefore, changing
research perspectives in different subject contexts
can enrich the connotation of WEF nexus and im-
prove its intensity and extent of application. Stud-
ies in recent years suggest that the boundary of
study subjects has been gradually extended with
the popularization of WEF nexus concept'?. The
closed study of water, energy,and food with tradi-
tional methods may be unsuitable for quantitative
analysis and lose some authenticity in simulation
and prediction. Hence, the applicability of conser-
vative and specialized quantitative research meth-
ods in WEF nexus may continuously decrease in
the future.

In quantitative analysis or simulation, the re-
dundant elements in WEF system may increase the
difficulty of research and interfere with the re-
sults, making it difficult to draw important conclu-
sions. Selection of research focus according to pro-
fessional background,entry from different discipli-
nary perspectives, simplification of complex sys-
tems,and condensation of valid information repre-
sent another trend of future quantitative research
on WEF nexus. For example, the CGE is a macro-
economic model for comprehensive depiction of
economic systems,and it is suitable for WEF nexus
with a demand for output of resource environment
as well as economic and social factors. In addition

to the eight quantitative research methods listed in
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this paper, there are other methods that can be
used for the quantification of WEF nexus, such as
Foreseer, PRIMA, and iSDG Planning Model.
However, they focus on binary relationships such
as water-energy( WE) , water-food(WF) , and en-
ergy-food CEF ), and are less applicable in the
present stage as compared with the above eight
methods, so they were not discussed in detail. No-
tably, all WEF nexus quantitative research meth-
ods have shortcomings, and no method can be ap-

011497 © The research

plicable to all situations
methods that are widely used today may be sub-
ject to various restrictions tomorrow. The re-
search methods currently out of focus may shed
light on the quantitative study of WEF nexus in
the future. Therefore, interactions of multiple
models or verification with different methods can
effectively reduce the omission or uncertainty of re-
sults caused by just a single method.

In conclusion, current findings in the quantita-
tive study of WEF nexus fall short in fully explai-
ning the resource issues facing the global sustain-
able development, which is like a large jigsaw puz-
zle,and it is difficult to piece it together just stand-
ing in the same position. Changing standpoint when
necessary reduces the difficulty of quantitative re-
search and provides a fresh perspective for stud-

ying WEF nexus.
4 Summary and outlook

In this paper, we summarize eight common
quantitative research methods for WEF nexus in
terms of characteristics, development history, ad-
vantages and disadvantages, and applications in
WEF nexus. By comparison, we find that there is
no single research method that is perfectly applica-
ble to WEF nexus research. Since WEF is an open
system involving external factors such as popula-
tion, economy, society, ecology, climate, and land,
there are non-negligible exchanges of matter and
energy between the interior and the exterior.
Therefore, the study would be unreliable if WEF
were simply isolated from the external environ-
ment, and the interactions between the internal

system and the external environment should be in-
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cluded in the study. Thus,the WEF nexus research
methods that link multiple systems may have broa-
der applications. Moreover, WEF nexus changes
dynamically,and the research methods that support
dynamic analysis can better capture the changes in
WEF system and provide decisions and suggestions
in a timely manner. In addition, the use of different
study scales, perspectives, and periods as well as
the relatively free definition of scenarios represent
a trend in the development of WEF nexus quantita-
tive research methods.

The study of WEF nexus is still in its infancy.
The quantitative research methods should be care-
fully selected by paying attention to the compari-
son and synthesis of multiple aspects, starting from
data feasibility,and combining the spatial and tem-
poral scales of research. In the meantime, attention
should also be paid to quantification accuracy and
data interoperability to ensure the uniformity of
data accuracy and the compatibility of output to fa-
cilitate data reprocessing and result reuse. The re-
search on WEF nexus may go beyond the WEF
system. Therefore, reducing the difficulty of inte-
gration with other methods,improving the general-
ity of output, emphasizing interdisciplinary re-
search, and combining multiple methods are the
main concerns of WEF nexus quantitative research

methods in the future.
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