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Urbanization, increasing demands, and climate change are critical challenges to ensure water, energy, and food
security. The water-energy-food nexus requires integrating tools to guide the allocation of resources and promote
sustainability. This work presents a mathematical formulation for the optimal design and management of re-
sources to enhance the water-energy-food nexus security. Resource security is measured through indicators
related to the availability, access, and sufficiency of water, energy, and food. Furthermore, the problem was
analyzed under different allocation schemes (social welfare, Rawlsian, Nash, and Rawlsian-Nash) to maximize
the global resource security (including water, energy, and food) and obtain the optimal design of the system.
Therefore, the water, energy, and food security indices are considered as the objectives of interest. To show the
applicability of the model, a Mexican state evaluated by regions was selected as a case study. Results show that
through this approach, the security of the water, energy, and food sectors could be increased 6%, 56%, and 26%,
respectively, and 27% the security of the water-energy-food nexus using the social welfare scheme in the
addressed case study. The proposed water-energy-food nexus framework can be applied to any region with the

corresponding data.

1. Introduction

Water, energy, and food are essential resources for meeting basic
human needs and economic development (FAO, 2014). The
water-energy-food (WEF) nexus introduced in the Bonn Conference
(Hoff, 2011) has become a relevant topic improving synergies in the
water, energy, and food sectors and achieving sustainable development
by promoting resource security. The study of the WEF nexus is useful to
identify trade-offs between resources and is important for the develop-
ment of methods towards the sustainable integration of resources and
the creation of policies that guide the decision-making of social planners
and governments to achieve security of resources (Li and Ma, 2020).

Water-energy-food security refers to the access to sufficient and safe
water, energy, and food. In recent years, the security of these three
connected resources has been widely studied (Cansino-Loeza et al.,
2020; Mohammadpour et al., 2019; Pahl-Wostl, 2019; Romero-Lankao
et al., 2018), and researchers have discussed and proposed strategies
and policies for the improvement of resource management (Anser et al.,
2020; Kaddoura and El Khatib, 2017; Kurian, 2017; Smith et al., 2020).
Due to the multidimensional nature of the WEF nexus, decision-making
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methods have been used to address the challenges that the nexus faces,
and numerous studies have centered mainly on the performance of one
or two sectors (Fernandez-Rios et al., 2021; Zhou et al., 2019).
Furthermore, new approaches have been extensively proposed to
enhance the synergies between resources and face climate change events
and globalization using quantitative analysis methods (Radini et al.,
2021; Yue et al., 2021; Zhang et al., 2018). In this context, optimization
models have been proposed for the sustainable design for resource
management (Gonzalez-Bravo et al., 2018; Ogbolumani and Nwulu,
2021), the planning of the WEF nexus involving multiple objectives in
conflict (Cansino-Loeza and Ponce-Ortega, 2021; Chamas et al., 2021) or
under uncertainty (Ma et al., 2021; Yu et al., 2020), and the performance
of the WEF nexus when policies are incorporated (Golfam et al., 2021;
Mroue et al., 2019; Susnik et al., 2021). There is vast research on the
optimization of the WEF nexus, it has been modeled under different
spatial and temporal scales considering different stakeholders. In addi-
tion, different methods have been applied to analyze the interactions
between resources such as input-output models, dynamic systems
models, life cycle assessment, and stochastic optimization. The design of
the systems has been guided mainly by the optimization of the total
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Fig. 1. General Superstructure.

annual cost, land use, water consumption, and greenhouse gas emissions
(GHGE). However, despite the progress made towards the WEF nexus,
there is still a relative lack of methods that allow quantifying, opti-
mizing, and evaluating the nexus security in the planning and design of a
WEEF system.

It has been highlighted that a driving factor to achieve long-term
sustainability is the security of the WEF nexus, and its improvement
implies optimal planning and resource management policies, as well as a
proper allocation or distribution of resources. The allocation of re-
sources is one of the main concerns in social planning. The concept of the
allocation scheme was originally developed through a social perspective
to measure the welfare of society. Typically, when optimization models
are solved, the allocation of resources is guided by the maximization of
the sum of the players’ utilities or the objectives in interest, this is known
as the utilitarian approach or social welfare. However, according to its
axiomatic properties, solving problems based on this approach may lead
to non-unique solutions since different allocations of resources can give
the same total utility of the system. Furthermore, the social welfare
function may not properly capture the scales or sizes of the objectives/
indices of interest due to their affine nature. Therefore, it may favor
large objectives/indices of interest and lead to inequalities among them.
The affine invariance property states that an allocation or solution under
scaling of the objectives of interest is equal to the affine transformation
of the solution obtained under the original system. This ensures that the
allocation is scale-invariant. However, some schemes may present weak
affine invariance and there is no guarantee that the solution for the
transformed system is the same as in the original system(Sampat and
Zavala, 2019). As an alternative to this approach, different allocation or
distribution schemes have been reported and have been associated with
fairness measures to avoid the inequalities between objectives/indices
of interest. For instance, in the Rawlsian scheme proposed by Rawls
(Rawls, 1971), the allocation of the least advantaged objective to eval-
uate is maximized. However, this approach can also lead to non-unique
solutions. Also, it does not capture scales properly and large objectives
may be ignored. On the other hand, Nash (Nash, 1950) proposed an

allocation scheme that maximizes the product of the allocations which is
equivalent to maximizing the sum of the logarithms of the allocations.
This formulation captures the system scales naturally and gives unique
solutions. Using these distribution schemes allows to solve the problem
through different perspectives and to find solutions that capture the
scales of the objectives of interest. In this context, allocation schemes
have been addressed in water distribution networks for agriculture
(Munguia-Lopez et al., 2019), eco-industrial parks (Cruz-Avilés et al.,
2021), residential complexes (Munguia-Lopez et al., 2020), and fuel
production systems (Munguia-Lopez et al., 2021).

Nonetheless, fairness measures related to allocation schemes in in-
tegrated WEF systems have not been addressed and their implementa-
tion has to be recognized as useful tools to guide the decision-making of
social planners and governments for an efficient and fair system design
that could bring environmental and social benefits. Therefore, the
novelty of this work is the development of a model formulation for the
integration of the WEF nexus involving indicators to measure the WEF
security nexus, where the optimal distribution of resources is evaluated
through different allocation schemes. Since the nexus is made up of
three interconnected sectors, improving security in one of these sectors
could result in an improvement of the nexus. With traditional allocation
schemes such as the social welfare approach, the model would seek to
maximize the sector that could cause a greater contribution to maximize
the nexus (Bertsimas et al., 2011). However, when using other schemes
such as the Rawlsian allocation (Rawls, 1971), the sector that has the
lowest level of security could be maximized. On the other hand, the
three sectors could be maximized simultaneously as much as possible
through the Nash scheme (Nash, 1950). Therefore, in this work, we
evaluate different resource allocation schemes to maximize the security
of the water-energy-food nexus.

2. Problem statement

The macroscopic water-energy-food nexus integration for a set of
regions in a given state is addressed as follows:
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Table 1
Nutritional information of different types of food (Health Secretary, 2010).

Servings per

day
Calories (kcal) ~ Protein (g)  Carbs(g) Fats(g) Min  Max
Vegetable 25 2 4 0 3 5
Fruit 60 0 15 0 2 4
Grain 70 2 15 0 6 11
Dairy 95 9 12 2 1 2
Meat 40 7 0 1 2 3
Legumes 120 8 20 1 2 3
Seeds 70 3 3 5 0 2

o Water, energy (electricity), and food demands for domestic, indus-
trial, agriculture, and livestock activities are considered.

e Demands are determined by the population of the region that has
access to water, electricity, and food.

e Water demand can be satisfied by wells, dams, reclaimed water, and

water from desalination plants (see Fig. 2).

Electricity demands can be satisfied by existing power plants, solar

and wind parks, and biomass energy (see Fig. 3).

o Energy requirements for power plants can be satisfied using fossil
fuels or biofuels.

e Food demand is covered by agricultural and livestock production

(see Fig. 4).

Food production is determined by the minimum macro-nutrients

required for the population.

Municipal solid wastes are treated in Waste-to-Energy technologies

(WtE) (i.e., anaerobic digestion, incineration, pyrolysis, and gasifi-

cation) for the conversion of biomass into biofuels to cover the

electricity requirements in the region. The amount of municipal solid

waste per capita per year was multiplied by the number of in-

habitants of the region to calculate the amount of municipal solid

waste generated per year.

The problem consists in determining the optimal water, energy, and
food distribution in the region accounting for economic, environmental,
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and social objectives. The model seeks to optimize the security of the
WEF by the evaluation of the water, electricity, and food availability,
accessibility, and sufficiency. The model is represented in the super-
structure (see Fig. 1) that indicates all the possible alternatives to solve
the problem. In addition, it is proposed to evaluate different allocation
schemes to address the distribution of resources.

3. Water-energy-food nexus optimization framework

Following the problem statement, the mathematical model was
developed based on the superstructure presented in Fig. 1. It is impor-
tant to mention that modelling all the WEF interactions leads to a
complex mathematical optimization problem. However, this study is
focused on the distribution of resources to maximize the security of the
WEF nexus in a macroscopic system through different allocation
schemes. The mathematical model is presented in detail in the supple-
mentary material of this article, it consists of mass balances regarding
water, electricity and different types of food, operating restrictions to
determine the existence of new technologies for its implementation,
annualized capital cost and operating cost of the technologies, and
emissions associated to the operation of WtE and wastewater treatment
plants, fuels and food production. The mathematical model is formu-
lated to explore the security of the resource in different regions, and it
considers the import/export of water, energy and food between the re-
gions addressed which are called internal import/export, and also
import/export resources can be given from other regions from the rest of
the world named external import/export.

The water sector considers the production of water from ground-
water and surface water sources, water from desalination systems and
reclaimed water. In this case, existing and new desalination plants and
wastewater treatment plants to meet the water demand are considered
(Fig. 2). As can be seen, the mathematical model is formulated consid-
ering different alternatives for the integration of resources; however,
some alternatives can be removed according to the case study evaluated.
For instance, if a region does not have territory connected to an ocean,
the desalination plant is not considered in the model. For the energy
sector, electricity was the main type of energy involved in the model and
it was the only type of energy to quantify the security of the sector. An
important limitation of the model is that transportation energy demand
towards food distribution was not included in the model. Fig. 3 shows
the technologies considered for the formulation model; energy can be
produced from conventional and renewable energy processes. On the
other hand, WtE for the treatment of msw are involved to produce
biofuels that can help to satisfy the energy requirements in the power
plants. Finally, the food sector was formulated considering the food
production from agriculture and livestock to meet the food demand of
population (Fig. 4). In many countries, food consumption patterns are
very far from healthy eating habits. However, if the goal of a country is
to improve the food security of the population, it must ensure the
availability of different types of food. According to the WHO (WHO,
2021), a healthy diet is essential for good nutrition and health, and it
comprises a combination of different foods such as cereals, legumes,
fruits, vegetables, and food from animal sources. Therefore, considering
the food security concept, the food production is modeled based on the
serving per day of the different groups of food (cereals, legumes, fruits,
vegetables, and food from animal sources) that a person must have. The
maximum and minimum servings per day account for the macronutri-
ents that a person needs to intake for good nutrition (Table 1).

This way, it can be quantified how much food is produced for
covering the access to people assuming that the servings per day of
different groups of food are based on a healthy diet. Food production of
the different types can be less or more than the required for a healthy
diet, however, the model seeks to determine the optimal production of
food to attend to the nutritional requirements. Human behavior is so
complex and people cannot be forced to follow a healthy diet, but at
least there has to be enough food to provide a balanced diet. On the
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Table 2
Current water-energy-food nexus security indices.
Water Energy Food
Dhvaitabitiey L cessiviicy L ricency L vaitabitiey L ccessiviiey Lyfficiency Diccessiviity
R1 0.666 0.981 0.666 0.395 0.988 0.395 0.751
R2 2.127 0.991 1.000 1.377 0.978 1.377 0.751
R3 0.195 0.971 0.195 1.036 0.980 0.141 0.751
R4 1.007 0.958 1.007 0.224 0.970 0.215 0.751

other hand, in this work, it was assumed that the population follows an
omnivorous diet because most of the population does, however, there
can be added restrictions to the model to evaluate the impact of having a

Table 3
Economic and environmental aspects of the allocation schemes.

Social welfare ~ Rawlsian  Nash Rawlsian-Nash vegan or vegetables-only diet. Nevertheless, studies regarding water
WATER (hm®) 6135.56 6135.56 5363.63 5363.35 consumption in omnivorous, vegetarian, and vegan diets have shown
COST (MMUSD) 1913.64 1699.77 1660.53  1141.26 major water savings in vegetarian and vegan diets (Zucchinelli et al.,
GHGE (Ton CO;)  12,332.00 9603.00 9753.00  9923.00

2021). For instance, a survival diet would require 1 m® of water per day
per capita, whereas a diet mostly made with animal products needs some
10 m® per day per capita.

Table 4
WEF Security Index for the schemes analyzed.

3.1. WEF Nexus Security Index

Social welfare Rawlsian Nash Rawlsian-Nash
ater

;:Vmgy ?'?ZZ 8'322 8'3‘3‘9 8'2?4 Water, energy, and food are major resources to sustain life; nowa-
pood 2105 1.495 1.547 1.299 days, the development of strategies to support the decision-making in
WEF 1.413 1.134 1.109 1.014 the planning of water-energy-food nexus systems are needed and will
Water help to decrease resource insecurity. Security of resources is a wide
- 1.086 1.086 0.774 0.777 concept that can be addressed from different perspectives. Water secu-
L cessivitiy 1 1 1 0.95 rity is a fundamental goal defined as the capacity to safeguard the
J— 0.774 0.774 0.774 0.777 availability of water, and the access to adequate and affordable clean
Energy water in a sustainable way (Zakeri et al., 2022). Energy security includes
i A— 1.390 1.048 1.012 0.964 3 - : : :

Availability providing affordable, efficient, socially, and environmentally friendly
Bcessbiy 0.988 0.988 0.988 1 energy supplies (Brodny and Tutak, 2021). Food security exists when all

8y supp y

Eciency 1168 0.825 0.79 0.764 people, have physical, social, and economic access to sufficient, safe,
FF""d 1631 5969 33 5375 and nutritious food to meet their dietary needs and food preferences for
Invatapiey ' ' ’ ’ an active and healthy life at all times (FAO, 2020). Water-energy-food
I ossibi 1 0.951 0.988 0.951 S . : .
Accesibliy 0.685 0564 0.354 057 nexus security is a complex concept and covers all its possible di-
Isupcieney i i ) ) mensions would result in broad definitions, therefore, in this work we

propose to evaluate the security of the water, energy, and food sectors
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Table 5
WEF Security Index per region for the different schemes analyzed.
Water Energy Food
Iavailability Iaccessibility Isufﬁciency Iavailabili&y Iaccessibility Isufﬁciency Iavailability Iaccessibility Isufﬁciency

SwW
R1 0.823 (+24%) 1.000 (+2%) 0.823 (+24%) 0.689 (+74%) 1.000 (+1%) 0.689 (4+74%) 4.098 1.000 (+33%) 0.535
R2 2.249 (+6%) 1.000(+1%) 1.000 (+0%) 3.318 (+241%) 0.950 (—3%) 3.318 (+241%) 4.806 1.000 (+33%) 0.777
R3 0.282 (+45%) 1.000 (+3%) 0.282 (+45%) 1.204 (+16%) 1.000 (+2%) 0.316 (+225%) 8.735 1.000 (+33%) 0.694
R4 0.990 (—2%) 1.000 (+4%) 0.990 (—2%) 0.347 (+55%) 1.000 (+3%) 0.347 (+61%) 0.886 1.000 (+33%) 0.734
RW
R1 0.824 (4+-24%) 1.000 (+2%) 0.824 (4-24%) 0.522 (+32%) 1.000 (+1%) 0.522 (+32%) 2.585 0.950 (4-26%) 0.397
R2 2.250 (+6%) 1.000 (+1%) 1.000 (+0%) 2.266 (+65%) 0.950 (—3%) 2.266 (+65%) 3.054 0.950 (+26%) 0.515
R3 0.282 (+45%) 1.000 (+3%) 0.282 (+45%) 1.102 (+6%) 1.000 (+2%) 0.213 (+-51%) 5.655 0.956 (+27%) 0.664
R4 0.990 (—2%) 1.000 (+4%) 0.990 (—2%) 0.300 (+36%) 1.000 (+3%) 0.300 (+40%) 0.580 0.950 (4-26%) 0.682
N
R1 0.823 (+24%) 1.000 (+2%) 0.823 (+24%) 0.471 (+19%) 1.000 (+1%) 0.471 (+19%) 2.607 0.975 (+30%) 0.140
R2 1.000 (—-53%) 1.000 (+1%) 1.000 (+0%) 2.201 (+60%) 0.950 (—3%) 2.201 (+60%) 3.181 1.000 (+33%) 0.337
R3 0.282 (+45%) 1.000 (+3%) 0.282 (+45%) 1.101 (+6%) 1.000 (+2%) 0.213 (+-51%) 6.083 1.000 (+33%) 0.394
R4 0.990 (—2%) 1.000 (+4%) 0.990 (—2%) 0.274 (+22%) 1.000 (+3%) 0.274 (+27%) 0.692 0.975 (+30%) 0.543
RW-N
R1 0.830 (+25%) 0.950 (—3%) 0.830 (+25%) 0.442 (+12%) 1.000 (+1%) 0.442 (+12%) 2.168 0.950 (+26%) 0.397
R2 1.000 (—53%) 0.950 (—4%) 1.000 (+0%) 2.162 (+57%) 1.000 (+2%) 2.162 (+57%) 2.376 0.950 (+26%) 0.515
R3 0.283 (+45%) 0.950 (—2%) 0.283 (+45%) 1.000 (—3%) 1.000 (+2%) 0.213 (+51%) 4.389 0.950 (+26%) 0.673
R4 0.994 (—1%) 0.950 (—1%) 0.994 (—1%) 0.240 (+7%) 1.000 (+3%) 0.214 (+0%) 0.572 0.950 (+26%) 0.693

through the evaluation of the availability, accessibility, and sufficiency
of resources. Availability expresses the water, energy, and food pro-
duced in a region, accessibility is defined as the percentage of in-
habitants for that the water, energy, and food needs are satisfied, and
sufficiency reflects the level of dependence on external sources that a
region may have in order to satisfy the demands of the population. In
this work, it is considered that a way to quantify the accessibility of
resources could consider both the number of inhabitants of a region and
their demands for resources, so that the available resources are sufficient
to satisfy the demand of the population or if required, determine the
amount of resource that would have to be imported to maximize the
accessibility of the resources. In this way, the accessibility index
together with the availability and sufficiency indices could respond to
seeking the best allocation of resources that allows greater security of
the nexus.

The WEF Nexus Index is a metric to assess the progress in water,
energy, and food security of a region. The WEF Nexus index is composed
of nine parameters, which are indicators of water, energy, and food
security in a region. Water security is evaluated through three param-
eters: water availability (Imailability)ﬁ access to water (Ixcesswilig/)’ and

water sufficiency (I;"l’ﬁdmcy). In the case of energy, security is evaluated

through energy availability (I, quqpiiy)> access to electricity (I qesipitin)>

and energy sufficiency (If,cionc, s

access to food Iiccessibility)’ and food sufficiency (Igufﬁcimcy) are the pa-

). Lastly, food availability (I, zqu

rameters used to evaluate food security. All indicators are evaluated by
the following relationships. The greater the index, the best performance
is achieved.

3.2. Water Security

Water security is equal to the average of the availability, accessi-
bility, and sufficiency indices:

e = Z (1 Xvuilubilig-) , + Z (1 X/ccessibilily) . + Z (1 .g;rriciem;\») . @

r r r
Water availability is measured as the ratio between the water produced
in the region (er’"’d) which involves the water availability and the water
produced from unconventional processes, and the water demand (W3%™):

prod
v _w @)
Availability . - Wdem
,

Water accessibility is equal to the total population (Population,) minus
the population without access to water services (Pop¥<eW) divided by
the total population:

NAccessW

- (3

( w ) _ Population, — Pop

W) =
Accessibility ) | Population,

Here, the maximum population without access to water is a target set
by the decision-maker. In this work, it is intended that the available
water is sufficient to provide access to the largest possible part of the
population. On this foundation, for energy and food accessibility, the
maximum population without access to resources is a target set by the
decision-maker.

Water sufficiency index is measured as the ratio between the water
imported (Wi’"") and the water demand.

Wdem _ W[mp
( w ) = 4)

Sufficiency Wdcm
r

3.3. Energy Security

Energy security is equal to the average of the availability, accessi-
bility, and sufficiency indices considering electricity as the only type of
energy involved in the model:

o E E E
Jenersy — Z (1 Availabilirv) . + Z (1 Ar('essibilit_y) + Z (l Suﬁi’viem"y) . )]

r

Energy availability is equal to the ratio between the electricity generated
(Elr’"’d) and the electricity demand (E‘rie’"):

), o ©)

(Ifwil bility | T pedem

ailability Eie m
Energy accessibility is equal to the total population minus the popula-
tion without access to electricity (PopM<e*f) divided by the total pop-
ulation:

NAccessE

- )

( £ ) _ Population, — Pop

Accessibility P()pultl[l()”r

Energy sufficiency is measured as the ratio between the electricity
generated by renewable energy and the total electricity demand:
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E.mlar + Eenlic + Ebioma.v.v
E _r r r
( Sufﬁ(‘iency) r N [Edemand (8) ! food = Z (I ,ivailability) + Z (I icce:xibility) + Z (I gufﬁcienry) (9)

P

3.4. Food Security Food availability is equal to the ratio between the food portions pro-

. . rod s
Food security is equal to the average of the food availability, acces- ~ 9uced in the region (Prz) and the total portions that should be
sibility and sufficiency indices: consumed for the total population (Pfg)i
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Table 6
Emissions generated in the schemes addressed.

GHGE x 10° (Ton COy)

SW RW RW-N N

Sewage 0.012 0.012 0.010 0.012

Natural Gas 1.573 1.076 1.076 1.076

Municipal solid waste 0.049 0.210 0.271 0.055

Manure 1.178 1.178 1.178 1.178

Food production 4.380 4.373 4.411 4.402

Incineration 0.079 0.079 0.547 0.313

Gasification 0.660 0.660 0.313 0.539

Wastewater treatment 2.225 2.225 2.221 2.225
1 Pprod

(l ng‘labilit_v) . E P:l{fn (10)
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Food accessibility is equal to the total population minus the population
without access to food (PopN¢cesF) divided by the total population:

Population, — Pop™cest
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Food sufficiency is measured as the ratio between the portions of the
food imported (P ) and the portions of food produced (Pdem)

(ISumumu) >

These indices can be used in the design of WEF systems and, according to
the decision maker, the sectors or indices can be prioritized by assigning
them the corresponding weights.

Pcem _ lymp
ng — (12)

rifg

3.5. Objective functions: allocation schemes

Often, economic objectives receive more attention than environ-
mental and social aspects in process optimization. Many works have
been solved under utility maximization schemes in which individuals
seek to achieve the highest level of satisfaction associated with their
economic decisions. In the case of the water-energy-food nexus, not only
economic factors need to be considered. New approaches are required to
quantify the nexus status and identify vulnerabilities. Because of that, in

(Izcn’ssibilizv> Popul, (1 1) . .
pulation, this work, the water-energy-food nexus is addressed through a
Table 7
Capacity of the processes installed in the allocation schemes.
Social welfare Rawlsian Rawlsian-Nash Nash
Region.Unit Capacity Region.Unit Capacity Region.Unit Capacity Region.Unit Capacity
Capacity Power Plant (MW)
R3. CN3 477 R3.CN3 429 R3. CN3 429 R3. CN3 477
Capacity existing desalination plant (1 s™!)
R1. ZE1 200 R1. ZE1 200 R1. ZE1 200 R1. ZE1 200
R1. ZE3 120 R1. ZE3 120 R1. ZE3 120 R1. ZE3 120
R4. ZE2 200 R4. ZE2 200 R4. ZE2 200 R4. ZE2 200
Capacity of new desalination plant (1s~*)
R3.ZN1 200 R3. ZN1 200 R3. ZN1 200 R3. ZN1 200
R4. ZN2 200 R4. ZN2 200 R4. ZN2 200 R4. ZN2 200
Capacity Incineration plant (Mton msw year ')
R3. CM11 50 R3. CM11 50 R3. CM11 50 R3. CM11 50
R4. CM2 150 R4. CM2 148.216
R4. CM7 146.289
Capacity eolic plant (MW)
R1. VE1 2 R1. VE1 2 R1. VE1 2 R1. VE1 2
Capacity new elolic plant (MW)
R1. VN1 6 R2. VN4 6
R1. VN2 6
R2. VN3 6
R2. VN4 6
Capacity gasification plant (Mton msw year™!)
R1. GS8 250 R1. GS9 250 R1. GS8 150 R1. GS9 250
R3. GS11 241 R3. GS10 241 R3. GS10 241 R3. GS10 241
R4. GS2 184 R4. GS2 150 R4. GS7 182
R4. GS7 150 R4. GS7 184
Capacity solar park (MW)
R1. SE1 110 R1. SE1 110 R1. SE1 110 R1. SE1 110
R1. SE2 99 R1. SE2 99 R1. SE2 99 R1. SE2 99
R1. SE3 180 R1. SE3 180 R1. SE3 180 R1. SE3 180
R1. SE4 137.5 R1. SE4 137.5 R1. SE4 137.5 R1. SE4 137.5
R1. SE5 100 R1. SE5 100 R1. SE5 100 R1. SE5 100
R1. SE6 125 R1. SE6 125 R1. SE6 125 R1. SE6 125
R3. SE7 125 R3. SE7 125 R3. SE7 125 R3. SE7 125
R3. SE8 100 R3. SE8 100 R3. SE8 100 R3. SE8 100
R3. SE9 21.3 R3. SE9 21.3 R3. SE9 21.3 R3. SE9 21.3
R3. SE10 25 R3. SE10 25 R3. SE10 25 R3. SE10 25
R4. SE11 99 R4. SE11 99 R4. SE11 99 R4. SE11 99
R4. SE12 200 R4. SE12 200 R4. SE12 200 R4. SE12 200
R4. SE13 90 R4. SE13 90 R4. SE13 90 R4. SE13 90
Capacity new solar park (MW)
R1. SN1 100 R1. SN3 96
R1. SN2 100
R1.SN3 100
R1. SN4 100
R2. SN7 100
R3. SN5 100
R3. SN6 100

R4. SN8 100
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Fig. 7. Flow diagram of the Rawlsian scheme.

systematic approach that involves security indices associated with the
water, energy, and food sectors. These indices can be seen as the interest
of the decision makers. The proposed indices correspond to resources
availability, accessibility, and sufficiency that are based on resource
importation. The main objective of this work is to maximize the water-
energy-food security index under different allocation schemes.

A helpful way to generate solutions that can help decision-making

and address a deemed fair resource distribution is through the imple-
mentation of allocation schemes (social welfare (SW), Rawlsian (RW),
Rawlsian Nash (RW-N), and Nash (N)). In this work, it is proposed to
assess the allocation schemes to quantify the WEF security index.
However, although these approaches have been applied to maximize
economic benefits in systems, they can also be used as a multi-objective
optimization tool that can be applied in different contexts, not just
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Table 8
Tonnes of food demanded to cover the nutritional requirements of the popula-
tion in the allocation schemes.

SW RW RWN N
Oat 25,287 21,674 21,674 21,674
Zucchini 42,942 32,730 32,730 31,572
Pumpkin 69,008 67,985 67,985 67,985
Chili 15,404 12,058 12,058 11,783
Chickpea 68,355 25,757 25,757 31,234
Corn 80,808 38,964 38,964 98,395
Melon 368,027 239,950 247,330 259,539
Potato 44,528 67,297 67,297 68,605
Cucumber 39,630 25,346 25,346 24,106
Watermelon 146,928 89,536 85,179 88,307
Tomato 9762 8640 8640 8640
Wheat 30,699 29,392 29,392 29,392
Peanut 3195 2085 2326 4684
Sorghum 59,802 56,771 56,771 33,162
Alfalfa 163,568 103,288 103,288 110,001
Asparagus 9653 9653 9653 9653
Orange 87,985 39,196 39,196 39,196
Walnut 10,479 5997 5997 10,343
Grape 21,944 19,543 19,543 19,543
Beans 75,678 107,211 107,211 117,431
Onion 78,398 3,4282 34,282 78,289
Pink Grapefruit 0 0 0 0
Apple 2220 444 444 444
Peach 6690 4617 4617 4896
Beef 22,495 11,789 11,789 12,247
Milk 236,913 154,327 154,327 188,602
Pork meat 63,417 46,068 46,068 46,850
Chicken meat 6203 6203 6203 7089
Egg 29,122 27,704 27,704 28,176

economic ones. In the case of the energy-water nexus, it could optimize
the distribution of resources under objective functions that represent the
social welfare, Rawlsian, Nash and Rawlsian-Nash approaches to have
an efficient and equitable measurement between the energy, water, and
food sectors. Therefore, the water, energy, and food security indices are
the objectives of interest of the system.

The utilitarian approach known as the social welfare approach is the
standard approach used in optimization processes that represent the
preferences of the decision-maker. Utilitarianism holds that an action is
right if it tends to produce happiness, therefore, its goal is the well-being
of the entire society by maximizing the total benefit (sum of decision
maker benefits). Social welfare optimization problems have been
commonly used to address economic aspects. For instance, in utility
maximization problems, the individual utilities are maximized over all
feasible allocations that satisfy certain constraints. In this work, through
the social welfare approach, the security indices associated with the
water, energy and food sectors are maximized to generate the maximum
benefit which is the security of the water-energy-food nexus (Eq. 13).
However, multiple allocations of resources could be found since the
solutions provided by this scheme may be non-unique, and thus, this
method causes ambiguity.

(psw — [water + Jerersy + ]foud (1 3)

The Rawlsian difference principle states roughly that inequality
should be tolerated only when it makes the least advantaged better off
(Hooker, 2010). The Rawlsian principle is solved through a max-min
optimization problem, these means that maximizes the minimum
objective (security index) for all scenarios. Therefore, the distribution of
resources should maximize the security index through the maximization
of the less beneficiated sector. In this work, the goal is to maximize the
security index for each sector (water, energy, and food), therefore, we
transform the problem including an additional variable (®) which now is
a lower bound for each of the individual variables (indices), then the
optimization problem is now a minimization problem with additional
inequality constraints (Eqs. 15-17). This way, the model can maximize
the least advantaged variable or index (Eq. 14).

10
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P =0 14)
) (15)
— I < @ (16)
—ri <o 17

The mathematical expression for the Nash allocation scheme is the
maximization of the geometric mean of the objectives of interest. This is
equivalent to maximizing the sum of their logarithms, then, since the log
function is strictly concave has a unique optimal solution which means
that there are no alternative allocations that yield the same optimal
solution for the Nash function (Sampat and Zavala, 2019). The Nash
allocation is obtained by maximizing the sum of the logarithms of the
water, energy, and food security indices.

¢n — ln(lwamr) 4 ln(lz'ncrgy) + ln([ﬁmd) (18)

Finally, a combination of Rawlsian-Nash schemes is included. The
Rawlsian-Nash scheme was previously proposed by Munguia-Lopez
et al. (2020) as a tool that combines the concepts of the Rawlsian and
Nash scheme. The principle of the Rawlsian scheme is based on the fact
that inequalities should be tolerated only when they are expected to
benefit the disadvantaged, this means that, in the Rawlsian allocation
scheme, the maximum benefit should be maximized for the least well-off
target interest. On the other hand, the Nash allocation scheme maxi-
mizes the product of the objectives of interest, which is equal to maxi-
mizing the geometric mean of the objectives of interest, this is
equivalent to maximizing the sum of the logarithms of the objectives,
which allows capturing the system scales. An important property of this
scheme is the property of symmetry which implies that there are no
alternative allocations, the Nash scheme might need to sacrifice the total
efficiency of the system, that is, the sum of the goals of interest to ach-
ieve fairness. Considering this, the Nash allocation scheme can be
combined with the concepts of the Rawls scheme to find a solution that
is both efficient and fair (Munguia-Lopez et al., 2020). The formulation
for this scheme is similar to the Rawlsian scheme because a new variable
(@) is included and minimized. But in this case, the constraints (Egs.
20-22) include the logarithm function, and another one is included to
represent the Nash scheme (Eq. 23):

=0 19)
— (/") <o (20)
— In(I"®) < @ 1)
— In(I) <o (22)
= (In("") + In(I") + In(F)) < O (23)

The water-energy-food nexus optimization model is solved under
different cases associated with the objective functions, including the
social welfare (SW), Rawlsian (RW), Rawlsian Nash (RW-N), and Nash
(N) schemes in which the goal is to maximize the security of the WEF.

4. Case Study

To demonstrate the applicability of the model, the Mexican state of
Sonora was selected as a case study. Sonora has been one of the most
important economic entities in Mexico as it has a diversity of natural
resources that facilitate the development of economic activities such as
agriculture, livestock, fishing, mining, and services. Sonora is located in
the northern region of Mexico, the border region (R1) of the state is
covered by the Sonoran Desert, which is the hottest desert in the
country. From the above, it stands out that the entity has one of the
highest levels of solar irradiation at the national level (6-8 kW /h / m?),
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Fig. 8. Flow diagram of the Rawlsian-Nash scheme.

representing an area with high potential for the production of electricity
from solar energy. On the other hand, agriculture in the state of Sonora
is one of the most important economic activities. Sonora has a territorial
extension of 18,484,644 ha, of which 4.1% is destined for agricultural
use. Sonoran agriculture predominates in the southern region (R2),
which specializes in the production of grains, oilseeds, and horticulture.
However, one of the main problems of the state is that due to its
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geographical and hydrological conditions, providing access to water for
the different economic sectors represents a great challenge. Thus, it is
necessary to implement strategies to improve the agricultural develop-
ment of the state. Furthermore, considering that Sonora has potential for
renewable energy, the design of an integrated WEF system is addressed
to increase the security of the WEF.

In this work, the Sonora state was divided into four representative
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Table 9

Capital costs of the social welfare, Rawlsian, Rawlsian-Nash and Nash schemes.
Capital Cost (MMUSD) SW RW RW-N N
Desalination
R1 0 0 0 0
R2 0 0 0 0
R3 5.392 5.392 5.392 5.392
R4 5.392 5.392 5.392 5.392
Wastewater treatment plants
R1 16.947 16.947 16.947 16.947
R2 15.736 15.736 15.736 15.736
R3 8.473 8.473 8.473 8.473
R4 9.684 9.684 9.684 9.684
Eolic Park
R1 47.02 0 0 0
R2 47.02 0 0 0
R3 0 0 0 0
R4 0 0 0 0
Solar Park
R1 96.48 0 0 0
R2 24.12 0 0 0
R3 48.24 0 0 0
R4 24.12 0 0 0
Incineration
R1 0 0 0 0
R2 0 0 0 0
R3 207 207 207 207
R4 0 0 414.001 201.001
Gasification
R1 134.001 134.001 134.001 134.001
R2 0 0 0 0
R3 134.001 134.001 134.001 134.001
R4 268.002 268.002 0 134.001

regions (see Fig. 5) to evaluate the security of the WEF Nexus; The
Border Region (R1), Center Region (R2), Central-Mountain range Re-
gion (R3), and Southern Region (R4). Subdivisions of the regions
addressed are shown and represent the municipalities of the state,
however, the analysis of the WEF nexus was addressed by region.

Table 2 presents the water, energy, and food indices associated with
the availability, accessibility, and sufficiency of resources to date.
Currently, the Central-Mountain range Region (R3) presents the lowest
water availability while the Center region (R2) presents the highest
water availability of the state; therefore, water from R2 is used to help
satisfy water requirements in the near regions. On the other hand, it is
shown that energy production is centered in R2, and R3 exhibits the
lower energy production of the state.

The Sonora’s regions present unequal distribution of resources
availability and production. It can be seen that R2 presents the highest
water and energy production, which is associated with its industrialized
nature. On the other hand, R3 corresponds to the least urbanized region
of the state, therefore, technologies for energy production are not
abundant. In addition, it is important to mention that this region does
not have access to the sea, and the existence of desalination plants that
increase the water production in the region is not an option. According
to Table 2, R2 has the highest availability, accessibility, and sufficiency
indicators of the regions of the state. Nevertheless, it is important to
notice that the potential of Sonora for renewable energy can be
exploited, and increasing the renewable energy capacity could improve
security in the energy sector. In the same way, water reuse and irrigation
techniques could enhance the security of the WEF substantially.

Data associated with the model was obtained from literature and
information available on federal reports. For the case study, data asso-
ciated with water availability and consumption were obtained from the
National Water Commission (CONAGUA), electricity data were obtained
from the Federal electricity commission (CFE) and food production in-
formation was obtained from the Agri-Food and Fisheries Information
Service (SIAP). We have included the data used for the case study in the
supplementary material. The mathematical model proposed is formu-
lated for a yearly time horizon because there is a lack of data regarding
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small temporal scales, therefore, future research should include re-
sources production and consumption on a small-time scale.

5. Results

The mathematical formulation for the analyzed fair allocation
schemes was implemented in the software GAMS. The models of the
schemes correspond to a Mixed Integer Linear Programming Model
(MINLP) and were solved using the solver LINDOGlobal. The social
welfare is composed of 5500 constraints, 154 binary variables and 7900
continuous variables, for the Rawlsian scheme the model involves 5501
constraints, 154 binary variables and 7906 continuous variables, the
Rawlsian-Nash model consists of 5500 constraints, 154 binary variables
and 7906 continuous variables, the Rawlsian scheme is composed of
5501 constraints and 7905 continuous variables.

Table 3 shows the costs, freshwater consumption, and GHGE
generated in the different allocation schemes. The SW scheme presents
the highest costs, water abstraction and GHGE generation. On the other
hand, the RW-N scheme presents the lowest cost for the system, fresh-
water abstraction and GHGE generation.

The results of the security index for water, energy, and food for the
SW, RW, N and RW-N schemes are presented in Tables 4 and 5. It is
worth mentioning that the security indices presented in Table 4 corre-
spond to the state indices since they are the average of the security
indices of the regions of the state. Therefore, some security indices are
greater than 1, but it does not mean that the security of the sectors was
achieved in its entirety since some indices indicate that in some regions
there are more resources than those required for the population. For
instance, a value greater than one for the energy availability index
means that in the region more energy is produced than the energy
demanded, therefore, energy could be exported to other regions. On the
other hand, Table 5 shows the results of the security indicators per re-
gion and changes concerning the current situation of the case study are
presented in parentheses.

5.1. Social welfare

The social welfare diagram is presented in Fig. 6. The flow diagram
shows the technologies selected to cover the water and energy demands
in the regions of the state. The social welfare scheme has the major
renewable energy production due to the selection of new solar and eolic
plants. The installation of new solar plants was determined by the model
in the four regions, being region 1 (R1) the region with the highest ca-
pacity (Table 7). Different eolic parks were selected in region 1 (R1) and
region 2 (R2). Due to the increase in energy production by renewable
sources, the social welfare scheme presents the highest sufficiency index
(1.168). On the other hand, Waste-to-energy technologies of different
capacities were selected. The flow diagram shows that for R1, only
gasification plants were selected, region 3 (R3) includes an incineration
and a gasification plant, and in the case of region 4 (R4), two gasification
plants were selected.

The results obtained in the social welfare scheme present the highest
WEF Security Index (1.413) compared with the other schemes. The
water, energy, and food security indices were higher than the other
schemes. In the case of the water sector, the availability index was
approximately 24-26% more than in other schemes, this is mainly
attributed to the water production in R2, which exceeds the demand,
electricity production in R2 is 3.3 times the electricity demand in the
region, and it is exported to other regions to cover their electricity de-
mands. In this scheme, although the availability of electricity exceeds
the demand of the region, the model determines that electricity will be
exported to other regions with low electricity production instead of
providing access to all the population in R2. This is because of the
principle of the allocation schemes since we want to maximize the
water-energy-food nexus security of the state, therefore, the solution is
guided by the maximization of resource security in the four regions
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seeking efficient solutions. In addition, results shows that in the case of
water and food, the accessibility index is equal to 1 which means that
water and food available are enough for population requirements.

The SW scheme has the major GHGE among the schemes evaluated.
Food production that involves agriculture and livestock activities, is the
sector with more generation of emissions, followed by the burning of
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natural gas to generate electricity (Table 6). On the other hand, the
gasification process shows the major generation of emissions of the
waste to energy technologies.

The study of the axiomatic properties of the SW allocation scheme
shows that its representative function is an affine function which implies
that is non-unique, from an implementation perspective, one of the
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disadvantages of this scheme is that it is difficult to compute all the
possible solutions that can be obtained. Moreover, additional criteria
may also be required to find an optimal allocation of resources (Sampat
and Zavala, 2019). On the other hand, the ability to provide multiple
solutions to the decision maker could be an advantage, in this sense,
restrictions could be added according to the need or interest of the de-
cision maker (i.e., costs, water consumption, and emission generation).
However, from a social perspective, it should be considered that some of
the solutions could be unfair, since the maximization of general welfare
may imply that the good of one sector is sacrificed to serve the greater
good of another sector (Stark et al., 2014).

5.2. Rawlsian schemes

The Rawlsian diagram is presented in Fig. 7. This scheme presents
lower renewable energy production than the social welfare scheme,
however, new solar plants were selected for all the regions, and wind
energy was selected for R2, which increases the renewable energy ca-
pacity (Table 7). On the other hand, the waste-to-energy technology
selected for R1 was the gasification plant, in R3 the incineration and the
gasification plants were selected, and for R4 two gasification plants of
different capacities were selected. The results of the system design for
this scheme show a WEF security index of 1.134, which is 20% lower
than the WEF security index resulting from the SW scheme because in
this scheme a lower amount of resources was produced. Accessibility to
water is achieved for all the population in the four regions, in the case of
energy accessibility, the excess of electricity produced in R2 is sent to
other regions to increase their accessibility index. In the food sector, it
should be noticed that even if the availability index shows that food
production is greater than the demand, not all the food produced in the
region is enough to cover the nutritional requirements of the population,
for this reason, some types of food need to be imported to meet the
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macronutrients required by the population. In the RW scheme, the
accessibility index is equal to 0.95, which is 5% lower than the social
welfare scheme. Table 8 shows the required food that meets the nutri-
tional requirements for the population in the different schemes.

Results of the RW scheme do not present security indices as high as in
the SW scheme, this is due to the constraints of the RW scheme in order
to maximize the indices of the less disadvantaged sectors. Comparing the
results obtained in the RW scheme and the current situation in Sonora, it
was noted that under the RW scheme the security indices present an
increase in a more balanced way, not as in the SW scheme.

5.3. Rawlsian-Nash scheme

The design for the Rawlsian-Nash scheme is composed of gasification
plants selected for R1, R3 and R4, as well as the incineration plant
selected in R3 (see Fig. 8). In this scheme, new solar and eolic plants
were not selected by the model. This causes the energy security index to
be the lowest compared to the other schemes since lower electricity is
produced, especially renewable energy that causes the sufficiency en-
ergy index to decrease. Furthermore, water production in R2 is not
produced in excess as in the other schemes. Water and food accessibility
is covered for 95% of the population in all the regions, therefore, food
demand is lower than the other schemes. Moreover, the costs of the
system decreases (Table 9), this could be attributed to the fact that lower
investment in the implementation of technologies is required.

The WEEF security index in this scheme is the lowest of the allocation
schemes addressed, it is equal to 1.014, and it is 39% lower than the WEF
security index resulting from the social welfare scheme. However, it is
important to mention that with the RW-N formulation a unique solution
could be provided, unlike the social welfare and RW scheme. The con-
straints of the formulation for the RW-N scheme guide the allocation of
resources to increase the security indices considering both efficiency and
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fairness, which is the main attribute of this scheme. As can be seen in
Fig. 9, the results of the Rawlsian-Nash scheme and the Nash scheme are
similar, although they differ mainly in the food availability index, being
higher in the Nash scheme.

5.4. Nash scheme

Nash flow diagram is presented in Fig. 9. In this scheme, new solar
and eolic energy was not selected for the system, however, waste to
energy technologies was selected; a gasification plant in R1, R3 and R4
of different capacities were included for the treatment of municipal solid
wastes. In addition, an incineration plant was selected for R3. On the
other hand, such as in the four schemes addressed, an existing power
plant in R3 is considered which has a capacity of 3152 MW and uses
natural gas as fossil fuel (376 MMcm).

For the Nash scheme, in the water sector, it is observed that R2 does
not produce more water than the demand in the region, therefore, there
are no internal water imports between the regions, and the water
availability index is lower than the other schemes. Despite this, the
water accessibility index is equal to one, which means that water pro-
duction is enough to cover the water requirements of the population. On
the other hand, food accessibility for all the population was not achieved
in R1 and R4 and food sufficiency presents the lowest indices for the
regions evaluated because it is required to import food to cover the
nutritional requirements of the population. Water, energy, and food
accessibility indices could be fixed to one by forcing the model to serve
all people. However, due to how the indices were defined, it is possible
that in the regions with enough availability of resources, the excess of
resources will be exported to meet the demand of resources required to
provide access to the total population in the other regions, which would
tend to decrease the sufficiency index and as a consequence the WEF
security index. The WEF index for the Nash scheme is equal to 1.109,
with a decrease of the "™ and an increase of the I°*® compared with
the current situation in Sonora. However, because of the properties of
the mathematical function for the Nash scheme, results correspond to an
efficient and unique. Fig. 10 shows a graphical representation of the
results obtained in the optimization of the WEF security for the different
allocation schemes proposed according to Table 5. Here, indices were
normalized considering the food availability index in R3 as the highest
value obtained (8.735) in the social welfare scheme, and the energy
sufficiency index in R3 as the lowest value (0.213) in the RW scheme.

The implementation of new technologies in the WEF system will
bring social benefits; however, its implementation will depend on the
decision-makers such as the government that have to invest in these
technologies to make a better management of resources. Furthermore,
considering that through this approach the planning of the WEF nexus
and distribution of resources is guided by the maximization of resources
security, which involves new alternatives to increase the production of
resources in a sustainable way, it is expected that for other cases, the
security of the nexus will be improved because today there are different
alternatives for sustainable production.

6. Conclusions

Studying the interconnections of water, energy, and food is essential
for the design of systems and allocation of resources to improve the
water-energy-food nexus security. This paper has presented a water-
energy-food optimization framework to maximize the security of the
nexus considering different allocation schemes, which support the
decision-making for better management of resources and performance
of the sectors. As a case study, regions of the state of Sonora from Mexico
were used to implement the proposed framework. The framework was
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solved by considering different allocation schemes such as social wel-
fare, Rawlsian, Nash, and Rawlsian-Nash schemes to obtain the optimal
allocation of resources that maximizes the water-energy-food nexus se-
curity. By the application of the proposed approach, results show an
increase in the security index of the water sector of 6%, 56% of the
energy sector, and 26% of the food sector. This gives an increment of
27% in the WEF security index using the social welfare scheme, which is
the highest index among the schemes evaluated. Results for the design of
the social welfare scheme present the highest GHGE (12,332 ton CO3),
freshwater abstraction (6135.562 hm®), and costs (1913.64 MMUSD)
among the different allocation schemes, and a WEF security index of
1.413. Otherwise, the Rawlsian-Nash scheme presents the lowest costs
($1141.26 MMUSD), the lowest freshwater consumption (5363.35
hm3), and the lowest WEF security index (1.014).

This work can be viewed as a step toward supporting social planners
or governments making decisions using social choice functions that are
automatically optimized for their needs. The addressed allocation
methods can provide efficient and equitable solutions, and the selection
of the allocation method for a system in any region will depend on the
criterion of the decision-maker. For instance, when applying the social
welfare scheme, the sum of the security indices associated with the
water, energy and food sectors will be maximized to improve the nexus
security index. However, multiple solutions that result in the same nexus
security index could be given by this method. Furthermore, using this
method could lead to inequality among the improvement of the water,
energy and food sectors since it cannot capture sizes of security in-
dicators. To overcome these limitations, the Rawlsian and Nash ap-
proaches can be used. The Rawlsian approach will be adequate if the
decision-maker desires to maximize the nexus security by maximizing
the security of the most vulnerable sector and will provide greater
benefit to the least well-off of the sectors. On the other hand, the Nash
approach will identify a unique solution where the sectors evaluated will
be maximized together. Furthermore, this scheme will give a solution
that captures the sizes of security indicators.

The main contribution of the proposed framework is the develop-
ment of a model that provides the optimal allocation of water, energy,
and food and quantifies and maximizes the security of the water, energy,
and food sectors. The proposed water-energy-food nexus framework can
be applied to any region at any scale with the corresponding data.
Nonetheless, one of the main limitations of the model is the uncertainty
related to the lack of time dimension that impacts the production and
consumption of resources and the uncertainty related to the de-
mographic changes and meteorological conditions.
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Appendix A. WEF security index results
This appendix presents the results obtained for the schemes evalu-

ated associated with Fig. 10.
see Table 1a.
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Table 1a
WEF Security Index for the schemes analyzed.

Social welfare Rawlsian Nash Rawlsian-Nash
Jrater 0.953 0.953 0.849 0.834
Ienery 1.182 0.953 0.93 0.91
Jfood 2.105 1.495 1.547 1.299
JWEF 1.413 1.134 1.109 1.014
Water
JI— 1.086 1.086 0.774 0.777
Iz‘;/ccessihility 1 1 1 0.95
Bpcincy 0.774 0.774 0.774 0.777
Energy
Davaitabity 1.39 1.048 1.012 0.964
IlElccessibilily 0.988 0.988 0.988 1
E cency 1.168 0.825 0.79 0.764
Food
hvaitabity 4.631 2.969 3.3 2.375
L ccessibiliy 1 0.951 0.988 0.951
I;ufﬁciemy 0.685 0.564 0.354 0.57

Appendix B. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.envsci.2022.03.006.
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