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ABSTRACT

This research has investigated the simulation of sustainable water resources management to assess the
impact of socio-economic development on water, food and energy resources security in Khuzestan
Province in Iran. To achieve this goal, after simulation of the water-food-energy system dynamics model,
taking into account results of the sensitivity analysis, development of water resources sustainability
policy-making was elaborated in the form of four strategies of water demand, water supply, food
resource and energy demand management, as well as combined policies. The simulation results of the
proposed solutions were selected to be a combination of the strategies of water demand and food
resources management as the best policies. Hence, 16% increase in irrigation efficiency, 10% improvement
in cultivation patterns, 6% reduction in agricultural products losses, 5% decrease in food demand due to
food losses, and 5% annual increase in the performance of agriculture are selected as sustainable water
resources management policies.

© 2020 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Ain Shams University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

About 80 million people are added to the world population each
year, and water consumption is increased annually by 1-percent on
average throughout the world [1]. With the current trend of water
consumption continuing, only 60 percent of the water needed will
be available to the world by 2030 if adopting the right policies fails
[2]. According to FAO', in order to satisfy the demands of population
growth by 2050, the agriculture sector is required to increase its pro-
duction by 60 percent [3]. Likewise, energy consumption will be
increased by about 50 percent by 2035 according to the reports by
the International Energy Agency [4]. In order to take measures to
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address the link between water and economic development, experts
at the World Economic Forum in 2011 reached the agreements that
led to proffering of Nexus Water-Food-Energy (WFE) approach [5].
The Nexus WFE approach identifies the interconnection of water,
food and energy in terms of time and place. The goals of the Nexus
approach are to improve the security of water, food and energy
resources, to determine the path for external communications, and
to make cross-sector decisions considering the link in between,
and to support the move towards sustainability. Therefore, the
Nexus approach provides the initials required for sustainable man-
agement of the limited existing resources with integration. In fact,
the effects of decision-making on other components in one sector
are made transparent using this approach, and by anticipating the
potentials and synergizing cross-sector knowledge, designing, evalu-
ating, and prioritizing of various options is made. As the demand
grows, the competition over resources will also be increased. Ensur-
ing the availability of water, food and energy as well as the security
of all three sectors without reducing natural resources is recognized
as a major challenge in Asia. There is a need for a deep understand-
ing of the security nexus among water, food and energy resources in
Asia [6]. The increasing scarcity of and dependence on the resources,
the rival consumers, and the failure to succeed in segment-centered
strategic management are factors that can highlight the integral
importance of the link between WFE resources [7]. The dependence
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Table 1
WEFE nexus components [8].
Water Food Energy
Water e water e irrigation e cooling systems of
treatment o food geothermal and
e wastewater processing nuclear power plants
treatment e hydroelectric power
e water generation
desalination o fossil fuel production
e extraction processes
Food e water e animal feed e bioenergy production
pollution e biofuel production
Energy e groundwater o fertilizer e heat for geothermal
pumping preparation power plants
e water e agricultural o fuel for the extraction
distribution machinery processes
e water e transportation
treatment e cooling  sys-
e wastewater tems for food
treatment storage
e drainage o food
systems processing
e desalination

of WFE resources and the relationships and components of the links
vary in different zones of time and place. Table 1 briefly displays
some identified components of WFE resources link.

Most of the existing studies on identifying the links between
sources are distinctly related to Water-Food (WF) or Water-
Energy (WE) links. Water-Food (WF) studies are vastly recognized.
A great deal of the world water consumption (about 60 to 80 per-
cent) is associated with the irrigation of crops [9]. Since agriculture
accounts for the most prominent consumer in most water basins,
extensive studies have been conducted in this regard. These stud-
ies focus on various aspects of the link including optimization of
agriculture water use, taking into account the cultivated area
[10-12], fluctuations of the quality of return flow agriculture water
[13], examining the relationships between virtual food and water
exports [14-16], reducing the use of high water demand crops as
well as shifting product assortment to low water demand crops
and assessing the effects of food consumption patterns on water
resources|[17]. There are limited Water-Energy (WE) studies com-
pared to Water-Food (WF) studies. These studies encompass differ-
ent topics including development of water treatment
infrastructure [18], improving irrigation efficiency [19], improving
energy efficiency in water supply systems and pumping system
planning for optimizing energy consumption [20], and water
demand for hydroelectric power plant and biofuel production
[21]. Some of these studies have also evaluated and estimated
energy consumption in water supply stages [22,23], while some
other studies have focused on water consumption for generating
energy like virtual water and energy [24], carbon emission and
renewable energies [25,26], and others have also added economic
issues related studies [27,28]|. Food-Energy (FE) studies have
focused on improving energy use efficiency in the cultivation pro-
cess, improving the quality of chemical fertilizers, and energy con-
sumption of crop production [29]. In addition to the mentioned
studies, a number of other studies have concurrently addressed
the Nexus WFE, some being qualitative, others quantitative, and
a limited number in modeling and simulation, most of which were
accomplished in a restricted scale of place, such as new approaches
for efficient water use and optimal land allocation for biofuel pro-
duction [30,31], analysis of sugarcane and other industrial plants
as alternative energy sources [32], evaluation of the improvement
of Irrigation Productivity and Groundwater Management, Energy
Consumption and Carbon Emission[33]. Others designed qualita-
tive model studies of the interrelationships between WFE
resources with emphasis on water, energy, land use and climate
changes [32,34]. In addition, Sohofi [35] studied the interrelation-
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ships between WFE resources and identified their effective vari-
ables and behavior patterns, and finally offered a qualitative
model in order to illustrate the relationships between sources.
Also, Simpson [36] assessed sustainable development goals for
the security of water, food and energy resources based on the
Nexus approach, and provided a conceptual framework in this
regard. Mirzaei [37] examined the link between groundwater
resources and food and energy to improve water security in Iran’s
agriculture sector. Chen [38] explored sustainable urban resources
management using water-food-energy nexus approach in Taiwan
considering economic growth. The results of this study identified
water imports for the region. Schull [39] also analyzed SWAT?-
based water resources management issues in the context of Nexus
WEFE model taking into account the population growth, economic
growth and different scenarios of climate change. The model focuses
on water quality in agriculture sector. Since these models have not
been developed using System Dynamics (SD), temporal feedbacks
between system elements were neglected and resources were ana-
lyzed at a particular time. Karnib [40] proposed a conceptual frame-
work based on a technology-oriented approach for quantitative
assessment of water-energy-food nexus and then discussed practi-
cal opportunities and considerations for WFE policy in Lebanon. A
limited number of studies have developed policy-making models
with the Nexus WFE-SD approach with the purpose of cross-sector
integration. Akhtar [41] investigated the quality as well as the quan-
tity of water resources changes taking into account the population,
climate, economy, energy and food in Canada. This study indicated
that dynamic system simulation and the feedback approach between
subsystems provide the foundation for further studies.

Using the model of Sohofi [35], Melkonyan [42] modeled cli-
mate change as well as population, lifestyle and impacts on WFE
resources accentuating food security in Armenia. The model
focuses on the food sector at Nexus WFE including raw material
production, preparation processes, food production, marketing
and consumption. Ravar [8] presented the WFE-SD conceptual
framework for upgrading basin-scale ecosystem services. The
results revealed that water resources security and energy subsys-
tem status in the basin are dependent to a large extent on the food
sector. The researchers also confirmed the appropriate functioning
of the model in demonstrating the impacts of water, agriculture
and energy-related proposed policies for cross-sector coordination
and planning. Water crisis in Iran is affected by three major factors
of rapid growth and inappropriate pattern of population deploy-
ment, inefficient agriculture and mismanagement, and the hunger
for development. Iran’s water resources are seriously suffering
from an inadequate structure of resource management. In the
water sector, the diversity of interested parties in regulating water
resources is naturally accompanied by conflict and rivalry [43].
Lack of comprehensive planning, sector and cross-sector
decision-makings, and discrepancies on water resources policy-
making have exacerbated the problem of water scarcity in the past
two decades. In this study, using system dynamics theory, the
resource sustainability variables in accordance with the Nexus
WEFE approach were identified and the dynamic sustainable water
resources management model was applied with the intention of
assisting managers and planners of the problem to understand
and recognize the system behavior when confronted with organi-
zational decisions.

2. Overview of the case study

Khuzestan Province contains parts of the three main basins of
Karkheh, Grand Karun and Zohreh-Jarahi. Karkheh Basin with an
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area of 51.337 square kilometers and annual water volume of
6507.7 million cubic meters is located within the boundaries of 7
provinces, where Khuzestan Province bears 17% of the area of Kar-
kheh basin equal to 8.683 square kilometers. Grand Karun Basin
with an area of 67.257 square kilometers and annual water volume
of 25015.4 million cubic meters is located within the boundaries of
eight provinces, where Khuzestan Province contains 43 percent of
its area equal to 28.871 square kilometers. Zohreh-Jarahi Basin
bearing an area of 40.878 square kilometers and an annual water
volume of 8.284 million cubic meters is located within the bound-
aries of five provinces, where Khuzestan Province contains 61 per-
cent of its area equal to 24.832 square kilometers. Sections from
three second-basin Karkheh, Grand Karun and Zohreh-Jarahi from
first-basin Persian Gulf and Sea of Oman embrace the area of
Khuzestan. The economic structure of Khuzestan Province has spe-
cial conditions. The petroleum industry, oil included, accounting
for about 78 percent of gross domestic product in the province
has owned a major part of the economic activities [44]. Khuzestan
produces about 80 percent of the country’s crude oil and 16 per-
cent of its gas, causing the province to have major investments
in oil sector [45]. One of the main development opportunities of
Khuzestan Province is the flow of a large part of the country’s sur-
face water, existence of permanent rivers with high discharge vol-
ume, having 9 huge dams already built or being under construction
in different parts of the province, and their multipurpose utiliza-
tion to develop agriculture, fishery, energy and drinking water sup-
ply sectors [46]. Other facilities in the province include significant
soil and vegetation resources, suitable climates, the ability to plant
and harvest crops three times in a large part of the province, and a
considerable potential for developing agricultural activities and
by-products in the field, which plays an important role in the
development of the region and the entire country. Fig. 1 displays
the characteristics of the study area.

3. Methodology

In this study, the system dynamics approach was used to model
and simulate VENSIM DSS 6.4E software. This approach is helpful
for social-learning and is a suitable method for modeling WFE
nexus because it makes the dynamics between different systems
comprehensible using dynamic feedback loops and nonlinear ordi-
nary differential equations [8,47,48]. System Dynamics was first
devised by Jay W. Forrester to help understand strategic issues in
complicated dynamic systems[49]. Based on the Energy-Food-
Water (WFE) Nexus and System Dynamics (SD) Approaches, the
problem of sustainable water resources management was designed
in three subsystems of water resources, food resources and energy
resources. Fig. 2 shows the conceptual model and its subsystems.

In accordance with the conceptual framework and the system
dynamics methodology, dynamic assumptions of the problem of
water resource management integrity were designed. Fig. 3 illus-
trates the current research dynamic hypotheses. In the following
sections, the modules of the WFE-SD model, which represent var-
ious sub-systems, are briefly described.

3.1. Nexus WFE system dynamics model

With formulation of dynamic hypotheses based on these
assumptions, and inspirations from valid theories in the field of
theoretical foundations of water resources management, the rela-
tionships between the variables of each subsystem together and
also with other subsystems in the form of causal diagrams consist-
ing of loops, positive and negative feedbacks were identified. Then,
in order to construct the flow model, the trends of the variables
were considered over time and the relationship between variables
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were formulated mathematically taking into account the trends
and in accordance with the existing rules. Time series data gather-
ing has been carried out based on the results by Iran Water
Resources, Ministry of Agriculture Jihad, Statistical Center of Iran,
Ministry of Energy and Ministry of Petroleum. The population is
one direct factor that affects the supply and demand for water
resources. Annual population growth rate has been calculated
0.01 using time series data (2011-2016) based on Eq. (1) and,
the population function is based on Eq. (2) in the model [50,51].

Pt+n:Pt(1 +r)n (1)

t
P(t) = / r x P(t)dt, P(t0) = 4.76 x 10°
t0

Economic growth, especially the rapid growth of the gross
domestic product (GDP)?, can significantly influence water
resources demand. The amount of the value added (VA) in the energy
sector and that in the agriculture sector obtained from supply of
water, food and energy sources play an important role in the gross
domestic product and economic growth. The effect of the value-
added growth of the energy sector and that of the food sector on eco-
nomic growth have been considered according to Egs. (3), (4), and
(5) in the model so that the GDP logarithm represents the annual
economic growth, and the value-added logarithms of the energy
and agriculture sectors represent the rate of annual value-added
growth of these sectors [52,53]. Regression coefficients of b1 and
b2 have been calculated based on time series data (2011 to 2016)
of economic growth, and the value-added growths in energy and
agriculture. b1 denotes that of the agriculture sector value-added
growth and b2 is the effect of the energy sector value-added growth
on the amount of economic growth. Also, the effect of economic
growth on water resources demand in the energy sector and the food
sector has been taken into consideration.

(2)

logGDP = b() + b] X log VAAgn’calturet + bZ X lOg VAEWY&W (3)

, _ GDP; — GDP;

Economicgrowth = — P, (4)
VA — VA,

VAgrowth = VA, (5)

Fig. 4 shows the flow diagram of the sustainable water
resources management. The flow diagrams of each subsystem
and their modeling details are discussed below.

3.2. Water resources subsystem

As shown in Fig. 5, the flow diagram of water resources subsys-
tem has been designed to be consistent with the hydrological cycle
of water so that surface water resources(SWR), stock variable and
rainfal(Wy;), rate variables water return from renewable
sources(Wpg), and water release from dams (Wp,) lead to an
increase in the annual rate of surface water resources. On the other
hand, evapotranspiration (W, ), dams input volume (W), surface
water consumption (Wg.)due to overall water demand, environ-
mental need (W) and influence soil (W) have been considered
to be the decreasing rates of available surface water resources.
Eq. (6) representing the relation was used in the model.

SWR(t) = /

Jt0

t

(Wrr+Wis +Wgp — Wgy — Wip — Wee — Wis — Wey)dt
(6)

3 Gross Domestic Product (GDP) is the monetary value of all finished goods and
services made within during a year.



Mohammad Javad Keyhanpour, Seyed Habib Musavi Jahromi and H. Ebrahimi

Ain Shams Engineering Journal 12 (2021) 1267-1281

Iran

E Khoozestan Provi

M Ahvaz City
[ study Area B Ahvaz City
¥ Dam DSludyArea
A Oil Refinery Karoon Catchment Arca
% sl Karkheh Catchment Area
% Power Plant N )
® Petrochemical Company A Jarahi-Zohreh Catchment Area N
o 0 150 300 600 900 0 150 300 600 900
— River km km A
Fig.1. Case Study Location and Characteristics.
Another stock variable is groundwater resources(GWR), which
5 is increased by the rate of influence on soil(W,), wastewater
Eelminn return(Wy,,) and return from agriculture(Wx,), and is decreased
by the rate of groundwater consumption (W) due to the demand
for groundwater and the volume that is intractable(W,;) as in Eq.
2 (9).
Energy demand W ater demand Food dema
t

Y '

W ater secumy| | Food seclnty‘

Energy security

W ater supply

Food supply

Energy supply | Groundwater Surface water

Fig.2. Conceptual Model of Sustainable Water Resources Management Based on the
WEFE Nexus.

The rainfall data are based on Thiessen polygon (TP) approach

where P is the total precipitation in the basin. i denotes segmenta-
tion of the basin, P; is the amount of rainfall in station i, and A; rep-
resents the area of station i according to Eq. (7) in the model [54].

ZA,‘ X P,‘

& 7
SA 7
The total annual volume of dam water resources is based on the

hydrological balance according to Eq. (8) [25,55]. ASp is the total

annual water volume of 6 main dams, Ip; and Op; are the inflow
and outflow to the reservoir for the dam i considered in the model.

ASy =" (Ini — Op) 8)

P=
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GWR(t) = / (WRA +Wyg +Wis — Wi — ch)dt (9)

t0

Water demand (Wpemana) is caused by the urban demand for
water(WD,,.,), which is related to the population level and per
capita water consumption, and is also caused by the energy sector
demand for water(WDg,,,,,), the food demand for water(WDy,,,),
and the industrial demand for water (WD,,,) except the energy sec-
tor industries. The water supply(Ws,,py) is provided through the
accumulation of both surface water and groundwater resources,
and the water security (WS) has been considered the difference
between water supply and demand (Egs. (10)-(12)). The values
of the fixed variables of the model are presented in Table 2 and
the mathematical formulation of the subsystem’s main variables
is shown in Appendix.

WDemand = WDwater + WDEnergy + WDfood + WDlnd (10)
Wuppy = GWR + SWR (11)
WS = WSupply - WDemand (12)

3.3. Food resources subsystem

Fig. 6 shows the flow diagram of the food resources subsystem.
As it can be seen, the food supply comes from agricultural food
sources, fisheries food sources, and livestock and poultry food
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Fig.3. Dynamic Assumptions of Sustainable Water Resources Management with the Nexus Approach.
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Table 2
Some of the Fixed Variables of water resource subsystem [44-46,56].
Variable Value Unit Variable Value Unit
soil reversion rate 0.145 1/Year evaporation rate 0.25 1/Year
surface water share 0.86 1/Year groundwater share 0.14 1/Year
Environmental need 3e + 009 M3/year per capita water consumption 171.87 M?3/Person

sources (Eq. (13)). Food demand is commensurate with the amount
of domestic food demand that comes from population and per cap-
ita food consumption, national food demand and food intensity
affected by economic development (Eq. (14)). The food security
(FS) has been considered the difference between food supply and
demand (Eq. (15)). The annual supply rate of the agriculture sector
comes from the area under cultivation and product performance.
Also, the annual supply rate of the fish and livestock and poultry
sector is proportional to the capacity of these sectors. Food secu-
rity, if imbalanced, is set by the size of agricultural development
capacity, fishery development capacity, and livestock development
capacity.

On the other hand, food demand for water stems from the water
demand of all three sectors of agriculture, livestock and poultry,
fisheries and the amount of water consumed per unit (Eq. (16)).
The agricultural sector is the major demand for water, and the
water demand in this sector is due to the amount of food produc-
tion in agriculture sector, the water demand for crops, and the
intensity of water consumption in the agriculture sector. The
intensity of agricultural water consumption has been considered
to be due to the pattern of cultivation and irrigation efficiency.
The values of the fixed variables of the model are presented in
Table 3 and the mathematical formulation of the subsystem’s main
variables is shown in Appendix.

FSupply = Fagri + Fliuestock + Fﬁshery (]3)

Fdemand = (FDnutional + FDprovincial) X Fintensity (14)

1272

FS = FSupply - FDemand (1 5)
WFD =F, agri X WF agri T Fiivestock X WFiiestock + F ‘fishery
X WFghery (16)

3.4. Energy resources subsystem

As it can be seen in Fig. 7, the energy supply comes from fossil
energy sources, hydroelectric power energy sources, power plants
and other energy sources (Eq. (17)). Energy demand is commensu-
rate with the amount of domestic energy demand that comes from
population and per capita energy consumption(ED,,), national
energy demand(ED,,), energy sector demand(ED,,), industrial
energy demand(ED,,), water refinery energy demand(ED,,), irri-
gation network energy demand (ED,.) and the intensity of energy
consumption affected by economic development (Eq. (18)).

ESupply = Efossil + Ehydroelectricpawer + Epawerplant + Eother (1 7)
Edemand = (EDind + EDM + EDur + EDir + EDen + EDref)
X Eintensity (1 8)

The energy security (ES) has been considered the difference
between energy supply and demand (Eq. (19)).The most important
link between energy security and water security is the demand for
the water in the extraction and production of oil and refineries.
Water demand for energy sector, as can be seen in Eq. (20),
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Fig.6. Flow Diagram of Food Resources Subsystem.
Table 3
Some of the Fixed Variables of food resources subsystem [44-46,56].
Variable Value Unit Variable Value Unit
water requirements 146.25 M3/Ton allocation of water to food sector 0.9 Dmnl
water consumption of livestock 15 M3/Kg per capita food consumption 0.0418 Ton/Person
<economic enenyy
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\ ,/ for water>
water refinery <ol refinery water
mqydumd
national energy
demand ol refinery water

usage rate qmmdemmdfor

o K\‘“ o

-— I ”
<agriculural demand

for water>

-
<energy sector
demand for water>

<water supply>

allocation of waterto
energy sector

Fig.7. Flow Diagram of Energy Resources Subsystem.
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includes the sources of energy produced at the power plants (E,,),
the amount of water consumed per unit of power plant(WD,,), the
resources of oil production (E,,,) and the amount of water con-
sumed per unit of oil extraction and production(WD,,) as well as
the consumed water in the oil refinery(WED,,). This sector is
important in the sustainable management of water resources
because it also includes water pollution. The values of the fixed
variables of the model are presented in Table 4 and the mathemat-
ical formulation of the subsystem’s main variables is shown in
Appendix.

ES = ESupply - EDemand (]9)

WED = E,p x WDy + Egjlexs X WDge + WED jjref (20)

3.5. Validation of dynamic model

This stage includes validating Nexus WFE-SD model. With the
participation of experts and decision makers, all diagrams were
discussed and validated; then the consultation finally resulted in
a need to make several changes and adjustments to some of the
variables of the model and their initial values. After ensuring that
all the units and dimensions of the variables and equations were
consistent, the flow model was simulated by VENSIM DSS 6.4E
with annual time steps in a 20-year horizon. The results obtained
from simulating different parts of the model show a good confor-
mity with the historical trends. The period to be examined is from
2011 to 2016. Some of the simulated trends of the model have
been compared with the historical data in Table 5 for validation.
Root Mean Square Percentage Error (RMSPE) index has been calcu-
lated using Eq. (21) where, St is the simulated value, and At is the
actual value.

103" <StXtAt>2 1)

t=1

RMSPE =

Validation of the model including fitness tests, dimensionality
test, limit condition test, and integral error test were performed,
and the behavior of the model variables was approved by experts.
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The base year was considered to be as of 2016, and the simulation
horizon is counted as 20 years. The simulation result of the main
variables of interests including “Surface water resources”,
“Groundwater resources”, “Food supply”, “Water security”, “Food
security” and “Energy security” are respectively presented in Fig. 8.

4. Sensitivity analysis of dynamic model

Sensitivity analysis is used to determine how sensitive a model
is to changes in the value of the parameters of the model, and also
to indicate which parameter values are the leverage points of the
model. Discovering that the system behavior greatly changes for
a variation in a parameter value can identify a leverage point in
the model-a parameter whose specific value can significantly influ-
ence the behavior mode of the system; thus, it can be manipulated
as a scenario analysis to improve the model behavior. The software
version of VENSIM DSS 6.4E supports Monte Carlo automatic sen-
sitivity analysis. Monte Carlo simulation is known as multivariate
sensitivity that performs sensitivity analysis automatically. In this
case, hundreds or even thousands of simulations are performed for
different values of the model constants in a specific domain, and
the results are stored to analyze the behavior of the specified target
variables. Here, to analyze the sensitivity of the model, 200 Monte
Carlo simulations and the probability distribution of values are
considered random uniform. With regards to the results obtained
from Monte Carlo sensitivity analysis of all exogenous variables,
taking into account the possible logical range of changes for each
variable according to the planers, the target variables were not sen-
sitive to most of them. Furthermore, the model showed a high sen-
sitivity to the variables such as pattern of cultivation, irrigation
technology and duration of performance development, which lead
to be considered as leverage points of the model for the reason of
policy making. The results of sensitivity analysis of some variables
are displayed in Fig. 9.

5. Policy Scenarios, selection and implementation of changes

With the results of the model sensitivity analysis taken into
consideration, and based on water resources crisis management

Table 4

Some of the Fixed Variables of the Model [44-46,56].
Variable Value Unit Variable Value Unit
industrial demand for energy 2e+007 BOE! other energy sources 100 BOE
consumption rate of one unit of oil extraction 3.6e-005 M3/BOE gas power plant and combined cycle 1298 BOE
irrigation network usage rate 0.0005 BOE/M3 per capita energy consumption 26 BOE/Person
consumption rate of one unit of power plant 5 M3/BOE oil refinery water demand 2.7e + 007 m3

! Barrel of oil equivalent. The barrel of oil equivalent (BOE) is a unit of energy based on the approximate energy released by burning one barrel (42 US gallons or 158.9873 L)
of crude oil. One Kilowatt hour (KWh) is equal to 3,600,000 J (J) and one joule (J) is equal to 1.7060421187678-107'° barrel of oil equivalent (BOE).

Table 5
Comparison between (At) and (St) Behavior of Some Variables in the System [44-46].
RMSPE 2011 2012 2013 2014 2015 2016
annual rainfall (Billion M 3), At 17.33 29.9 26.7 214 319 20.8
RMSPE = 0.014 St 17.34 28.9 26.7 20.2 30.9 213
agriculture food resources (Million Ton), RMSPE = 0.043 At 13.20 135 13.9 14.5 145 15.2
St 13 14 14.7 15.2 15.6 15.9
product performance (Ton/Hectare), RMSPE = 0.01 At 13.2 13.7 143 15.1 15.5 15.7
St 13 14 14.7 15.1 154 15.7
agricultural demand for water (Billion M 3), RMSPE = 0.021 At 11.96 125 12.9 133 14.2 14.5
St 11.84 12.7 13.4 13.8 14.1 14.4
fossil energy sources (Billion BOE), RMSPE = 0.032 At 800 825 830 850 880 1000
St 800 827 857 880 905 930
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Fig.8. Simulation Result of the Main Variables of the Model.

strategies, sustainable water resources management policies were
identified in four categories of identification strategies using expert
opinion, and in accordance with the existing studies and planning
in the units involved in the problem. Then, with application of each
policy in the model, the results were measured on the target vari-
ables including water security, food security and energy security.
These policies are outlined below.

5.1. Policy 1: Water resource supply management scenario

These solutions are designed to focus on water supply manage-
ment and seek to increase the available water resources. By reduc-
ing the development capacity of the hydroelectric power plant
from 0.023% to 0.018% per year, the volume of water stored behind
the dams in the area is decreased and the available water resources
are increased. In addition, by improving the rate of renewable
water in the energy, industry and urban water sectors, the status
of water supplies will be improved taking into account the feasible
and implementable changes.

1275

5.2. Policy 2: Water resources demand management scenario

This set of solutions is designed to focus on water demand
management. Since agricultural sector is the largest water appli-
cant, this policy focuses on increasing irrigation efficiency as well
as modifying the pattern of cultivation. According to the report
by Agricultural Jihad of Khuzestan Province, irrigation efficiency
differences are present in the surface irrigation method and the
pressure irrigation method, and currently, 30% of the irrigation
network lands are under pressure. Therefore, if the irrigation net-
work is developed, at least 16% of the total irrigation require-
ment will be reduced by the area under cultivation of the
dominant crops. Table 6 shows the irrigation information with
the two methods of surface irrigation and pressure irrigation
for the dominant crops. On the other hand, considering the
changes in the pattern of cultivation in some crops such as rice,
corn and tomato, taking into account the regional conditions and
considering the food security of the country, the amount of
water required by the agricultural sector will be up to 10% effi-
cient [44].
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Fig.9. Monte Carlo Sensitivity Analysis of some exogenous variables in the system.

Table 6
Irrigation information for the dominant agricultural crops (surface irrigation and pressure irrigation methods) [44].
Agricultural Surface irrigation efficiency Water consumption (m>/ Pressure irrigation efficiency Water consumption (m>/
corps (percent) hectare) (percent) hectare)
wheat 40 5100 65 3825
barley 40 4100 65 3375
tomatoes 45 6000 85 3600
dates 48 17,500 85 11,025
5.3. Policy 3: Food resource management scenario reduced at various stages, our supply of food resources will be
increased in reality. Based on this policy, the production loss man-
This category of solutions focuses on food resources supply and agement rate was 12% the region’s dominant crops including wheat

demand management. According to the FAO and the Agricultural and barley taken into account. We will achieve sustainable resource
Jihad Organization in Iran, the severity of food losses is on average security solutions if we reduce waste to at least 6%, reduce food
12 percent in the production and pre-harvest stages, 25 percent in consumption by 5% per capita by acculturating and modifying food
the relocation, storage, processing and distribution stages, and 10 consumption patterns, and also improve crop yields by 5% through
percent in consumption [56]. If losses are identified, managed and seed breeding, fertilizers and new agriculture methods.
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5.4. Policy 4: Energy demand management scenario

Ain Shams Engineering Journal 12 (2021) 1267-1281

Table 7
Identified policies regarding the sustainable water resources management.

Taking into account the basin under study, fossil energy Scenarios Changes applied in the dynamic model Rate of
resources extraction, the refinery industries of petroleum products, change
and petrochemical industries have the highest demand for water. Policy 01: Reducing the development of 0.5%
In addition to the intensity of the water consumed by these indus- Water hydroelectric capacity to reduce the reduction
tries, water pollution is one of the challenges ahead. The hunger for ISV‘IJPPIY ;’Olum? of V‘;later Storfe'j bem“t"jl da”Il)S ro%1
development in Khuzestan basin is focused on exploiting more of anagement Vl\:;:?smg the rate of renewable urban increase
the oil and gas extraction resources as well as on the development Increasing the rate of renewable water in 5% increase
of related industries. Due to the high value added of these indus- the energy sector
tries and their role in the economic growth and development of Increasing the rate of renewable water in 5% increase
the country, the devastating effects of these industries are ) the industry . i
lected. Thi licy seeks to achieve sustainability through Policy 02: Modifying the pattern of cultivation 10%
neg e(; ed. !S po .y . : y g Water improvement
reducing the industries water pollution rate in order to reduce Demand Developing the irrigation technology 16% increase
water purification energy, and consequently to reduce the energy Management
consumption in thermal power plants and the refining and petro- P°l‘fcyg’33 :‘educmg food demand by reducing food 6% reduction
chemical industries. Table 7 summarizes the proposed policies, and oocresource - [0SSes . o
. . . Management Increasing food supply by reducing 5% increase
Flg.. 10 shows the results of the proposed policies on the main agricultural losses
variables. Improving the performance of 5%
After applying each of the policies separately to the model and ) agricultural products ' improvement
also applying the combined policies, the key variables of the model Policy 04: Reducing the energy consumption rate at 5% reduction
died d th | d. Studies h h Energy the power plant
were studied, and the results were compared. Studies have shown Demand Reducing the energy consumption rates  10%
that a combination of policy 02 and policy 03 is the best strategy Management  in the oil refinery industry reduction
for improving the security of water, food and energy resources Reducing the energy consumption rate in ~ 10%
for a simulated 20-year horizon. Fig. 11 shows the results of the ;hZPeFFOChemlcal H‘d%‘“fy - ges‘;“““’“
combined policy of water demand management and food resource educing water pollution rate in the °
petrochemical industry reduction
management. Decreasing the refinery water pollution 5% reduction
rate
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40B 6M [
A\, S | B -
32B 36M | 1
I T — ~. i
¢ 1B £ i 12M —PTS
. ’ d _ . ~
E 3 g 5 SN
£ 16B o T~ - - -12M N~ -f\ s
— - \\_ L N gy
§B \ 16M .
0 - -6 M
0 2 4 6 ] 0 12 14 16 18 20 0 2 - 6 8 10 12 14 16 18 20
Time (Year) Time (Year)
water secunty : Policy 04 water secunty : Pobey 01 food secunity : Pobcy 4 food secunty : Policy 01
water secunty - Polcy 03 water secunty - SD.WFE1 food security : Policy 03 food secunity : SD-WFE1
water secunty - Policy 02 food security : Policy 02
energy security
200 M
= T — —
.l p— Tl
-
0 ) -
0 2 - 6 8 10 12 14 16 18 20
Time (Year)
energy secunty - Policy 04
energy secunty : Policy 03
energy secunty - Policy 02
energy secunty - Policy 01
energy secunty : SD-WFE1

Fig.10. Behavior of Key Variables by Policies Changes.
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6. Conclusions and suggestions

WEFE-SD model and the views of experts and decision makers,

the most appropriate systemic and applicable solutions were

Complex problem planning in all areas requires deep identifica-
tion of the problem to determine its root causes; otherwise, some
policies and programs will be developed that are not only unable to
solve the existing problems, but will also add to the existing prob-
lems by expending the limited resources and facilities without
properly having the required analysis. In this study, the model of
sustainable water resources management based on water, food
and energy approach was investigated, and the system behavior
in problem position was simulated over a 20-year horizon. Consid-
ering leverage points including the pattern of cultivation, irrigation
technology and duration of performance development obtained
from the results of the Mont Carlo sensitivity analysis of the
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lands to increase irrigation efficiency by 16%

determined in line with resource sustainability policies including
water supply management, water demand management, food
resources management and energy demand management. By tak-
ing into account the effects of these strategies on the behavior of
the model objective variables in the long run, the following strate-
gies will lead to sustainable water resources management:

e Developing an irrigation and drainage network of agricultural

e Modifying the cultivation pattern by 10%, taking into account

the regional climate and food security of the country and culti-

vation with less water demand
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e Managing food loss before, during and after the harvest to
reduce it by 6%

e Modifying food consumption patterns in order to manage con-
sumption losses, and reduce the food demand by 5%

e Developing the agricultural product performance by 5% using
seed modification, fertilizer application and new cultivation
methods

In order to develop the model in future research efforts, the fol-
lowing is recommended: addition of virtual water variables, devel-
opment of the cultivation pattern modification variable in the
region with regards to the standard plant water demand and cli-
matic conditions, recyclability of urban sewage water with respect
to grey water footprint, details about migration and land use, the
quality of water, and the impact of new and renewable energies
on resource security.
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Appendix A

Main Mathematical Relationships of Water Resources
Subsystem (Unit)

water supply = groundwater resources + surface water
resources, Units: M 3

Water demand= (industrial demand for water + energy sector
demand for water + urban demand for water + food
demand for water), Units: M >

water security = water supply- water demand, Units: M 3

surface water resources = INTEG (rainfall + water
return + release from dam - evaporation - dam input
volume - surface water consumption - influence on soil -
environmental need), Units: M >

groundwater resources = INTEG (return from agriculture + w
astewater return + influence on soil - intractable -
groundwater consumption), Units; M >

dam water resources = INTEG (dam input volume - dam
evaporation - release from dam), Units: M 3

population = INTEG (population growth), Units: person

rainfall = annual rainfall x possible fluctuations, Units: M 3/
Year

influence on soil = SMOOTH(surface water resources x surface
water influence + rain influence, time of influence), Units:
M 3/Year

evaporation = evaporation rate x surface water resources,
Units: M 3/Year

wastewater return = renewable water
resources x underground rate, Units: M >/Year

return from agriculture = SMOOTH(agricultural demand for
water x soil reversion rate x 0.6, time of influence on soil),
Units: M 3/Year

release from dam = release rate x dam water resources, Units:
M 3/Year

dam input volume = surface water resources x dam input
rate, Units: M 3/Year

release rate = IF THEN ELSE(dam water resources>=water to
generate hydroelectric, (dam water resources - water to
generate hydroelectric)/dam water resources , 0) x annual
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release factor, Units: 1/Year

renewable water resources= (industrial demand for
water x industry rates)+(energy sector demand for
water x energy rates)+(agricultural demand for
water x agricultural rates)+(urban demand for
water x urban rates), Units: M 3/Year

Main Mathematical Relationships of Food Resources
Subsystem (Unit)

food supply = IF THEN ELSE(supply to demand ratio of
agriculture>=1, fishery food resources + agriculture food
resources + livestock food resources, (supply to demand
ratio of food x supply factor to food demand x(fishery food
resources + agriculture food resources + livestock and
poultry food resources))), Units: ton

Food demand = (national food demand + provincial demand
for food) x intensity of food consumption, Units: ton

food security = food supply- food demand, Units: ton

agriculture food resources = INTEG (agriculture supply-
agriculture demand), Units: ton

fishery food resources = INTEG (fishery supply-fishery
demand) , Units: ton

livestock and poultry food resources = INTEG (livestock
supply-livestock demand) , Units: ton

agriculture supply = area under cultivation x product
performance, Units: ton/Year

agriculture demand = food supply x agriculture share, Units:
ton/Year

food demand for water = fisheries demand for
water + livestock and poultry demand for water + agricul
tural demand for water, Units: M 3

agriculture supply = area under cultivation x product
performance, Units: ton/Year

product performance = agricultural performance(performance
development time), Units: ton/hectare

agricultural demand for water = intensity of water
consumption in agriculture x agriculture food
resources x water requirements, Units: M 3

intensity of water consumption in agriculture = pattern of
cultivation x irrigation technology, Units: Dmnl

agricultural development = IF THEN ELSE(food security<=0,
—1 x food security/food supply , 0), Units: Dmnl

value added of one unit of water in food sector = food value
added/water supply to food sector, Units: Rial/ M 3

fisheries development capacity = IF THEN ELSE(fisheries
development<=maximum fishery development capacity,
fisheries development , maximum fishery development
capacity) x annual fishery development, Units: ton/Year

livestock development capacity = IF THEN ELSE(livestock
development<=maximum livestock development capacity,
livestock development, maximum livestock development
capacity) x annual livestock development, Units: ton/Year

Main Mathematical Relationships of Energy Subsystem
(Unit)

energy supply = IF THEN ELSE(supply to demand ratio>=1,
other energy sources + hydroelectric power energy
sources + fossil energy sources + gas power plant and
combined cycle , (supply to demand ratio x (other energy
sources + hydroelectric power energy sources + fossil
energy sources + gas power plant and combined cycle)),
Units: BOE

supply to demand ratio = water supply for energy sector /
energy sector demand for water, Units: Dmnl

energy demand =(energy sector demand for energy + water

(continued on next page)
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refinery energy demand + urban demand for
energy + irrigation network energy demand + industrial
demand for energy + national energy demand) x intensity
of energy consumption , Units: BOE

energy security = energy supply- energy demand, Units: BOE

energy development capacity = IF THEN ELSE(energy
security>=0, 0, energy security x -1), Units: BOE

fossil energy sources = INTEG (oil extraction-demand for
fossil), Units: BOE

oil extraction = oil extraction development capacity + energy
development capacity x annual development rate, Units:
BOE /Year

demand for fossil = demand for energy x fossil energy share,
Units: BOE /Year

hydroelectric power energy sources = INTEG (hydropower
supply-demand for hydropower), Units: BOE

hydropower supply = hydropower development capacity
+(energy development capacity x annual development),
Units: BOE /Year

demand for hydropower = demand for energy x hydroelectric
share, Units: BOE /Year

energy sector demand for water= (power plant water
demand + water demand for oil extraction + oil refinery
water demand), Units: M 3

energy sector demand for energy = gas power plant and
combined cycle x energy consumption rate of producing
one unit of electrical energy + fossil energy
sources x energy consumption rate in oil extraction, Units:
BOE

water pollution= (oil refinery water demand x oil refinery
water pollution rate)+(petrochemical water
demand x petrochemical water pollution rate), Units: M 3

water refinery energy demand=(urban demand for
water + water pollution + industrial demand for
water) x energy consumption rate, Units: BOE

irrigation network energy demand = agricultural demand for
water x irrigation network usage rate, Units: BOE

urban demand for energy = population x per capita energy
consumption, Units: BOE

energy sector demand for energy = gas power plant and
combined cycle x energy consumption rate of producing
one unit of electrical energy + fossil energy
sources x energy consumption rate in oil extraction, Units:
BOE

power plant water demand = gas power plant and combined
cycle x consumption rate of one unit of power plant, Units:
M 3

water demand for oil extraction = fossil energy
sources x consumption rate of one unit of oil extraction,
Units: MP
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