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Unbalanced development of Alborz Province in recent years has amplified groundwater security crisis as
well as water stress. This study conducted dynamic decision support system modelling of sustainable
groundwater resources management based on water-food-energy security nexus (WFESN-SD-DSS).
Using the results, the scenarios were designed in three categories of solutions: 1- Groundwater resources
security; 2- Groundwater resources security; and 3- Groundwater resources security. The WFEN-SD-DSS
model findings implied that combined policies represented the best solution and these included: Aquifer
artificial recharge of 10 million cubic meters per year; control of well water usage; exploitation and reuse
of graywater to supply 10% of agricultural water; 10% development of irrigation efficiency using novel
irrigation systems; 10% reduction of agricultural waste; 10% development of the performance of agricul-
tural products by modifying seeds, conserving plants; 5% reduction of electrical energy dissipation in
combined cycle power plants; and development of solar water pump systems in agriculture sector.

� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

According to the ranking of the World Resources Institute
(WRI), currently, 16 out of 20 countries with the highest water
resources stress in the world are located in the Middle East, and
Iran is ranked 14th in the world in this category [1]. According to
global water resources experts, countries that use up to 40% of
their renewable water resources are considered sustainable, and
countries that use up to 60% of their renewable resources will have
adverse and destructive effects on the environment. According to
the International Groundwater Resources Assessment Centre
(IGRAC), Iran, with a much smaller population than India, China,
the United States and Pakistan, ranks fifth with more than 100%
annual withdrawal of groundwater resources in the world in pro-
portion to their nutrition [2]. Over recent decades, according to
statistics, Iran had 130 billion cubic meters of groundwater
resources, but in the past 20 years, renewable water resources have
decreased to 110 billion cubic meters and in the past 6 years to less
than 100 billion cubic meters [3]. Excessive withdrawals, illegal
drilling of wells, and insufficient supervision of the amount of
withdrawals beyond the exploitation license entail a decrease in
the level and quality of groundwater, occurrence of landslides in
a number of plains leading to a significant decrease in well dis-
charge, and a number of aquifer’s on the verge of destruction in
the country (see Table 1).

The number of wells has reached over 600,000 in the country
and more than 46 billion cubic meters of water is extracted from
this number [4] and Iran Water Resources Management, 2017).
The current groundwater abstraction in Iran is an unstable trend
and, if continued, it will cause serious irreparable damage to the
quantity and quality of aquifers. Sustainable groundwater
resources management is defined by Alley (2004) [5] in develop-
ment concepts, which emphasize the use of groundwater resources
indefinitely, but without creating unacceptable environmental,
economic or social consequences [6].

In another definition, sustainable groundwater resources man-
agement based on sustainable discharge is interpreted as the man-
agement of long-term groundwater resources abstraction so that
adverse consequences do not occur. In this definition, adverse out-
comes include chronic decline in groundwater levels, depletion of
sources
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Table 1
Some of the Fixed Variables of groundwater resource security subsystem [24,46,47].

Variable Value Unit Variable Value Unit

soil reversion rate 0.145 1/Year evaporation rate 0.2 1/Year
surface water share 0.24 1/Year groundwater share 0.8 1/Year
Groundwater outflow and transfer rates 14.3 Million M3/year per capita water consumption 171.87 M3/Person
Volume of incoming water and transfer from adjacent 22.74 Million M3/year Average extraction volume 0.054 Million M3/year
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groundwater reserves, subsidence, and depletion of surface water
associated with groundwater [7].

In recent years, sustainable groundwater resources manage-
ment has been the focus of several researchers, and there are
extensive studies looking for a sustainable groundwater resources
strategy in this area. For instance, Rao & Prasad (2020) designed a
groundwater flow model to estimate the impact of excessive
groundwater use in India and proposed sustainable groundwater
management strategies [8]. Ahmad Osman et al. (2021) designed
model to predict the groundwater levels in Selangor Malaysia [9].
El-Rawy et al. (2021) studied Groundwater management of aquifer
of the Nile Valley under different recharge and discharge scenarios
[10].

Luo et al. (2020) proposed a new multi-objective [11] simula-
tion and optimization model to find a strategy for optimal ground-
water extraction.

Kourgialas et al. (2018) designed a model of sustainable
groundwater resources management using the role of groundwater
footprint in the low-water islands in Egypt [12]. Jia et al. (2019)
suggested a system for assessing the sustainability of groundwater
resources in China [13]. Conducting hydrogeological and geophis-
cal analyses on an aquifer system in Bolivia, Amaya et al., (2019)
proposed plans for operating and protecting sustainable ground-
water [14]. Focusing on demand-driven measures, Afshar et al,
(2020) developed a multi-objective hydro-economic optimization
model for sustainable groundwater management in Iran [15].
Elsayed Gabr et al. (2021) evaluated Groundwater quality for
drinking and irrigation uses in Egypt [16].

Das et al, (2020) [17] investigated the sustainability of
groundwater-based irrigation in Indian aquatic areas with respect
to climate change. El Osta et al. (2020) assessed of the geochemical
evolution of groundwater quality in Egypt using NETPATH and
water quality indices [18]. Sahoo & Jha (2017) designed a
process-based groundwater conceptual model to understand com-
plex aquifer systems and predict their response to hydrological
changes in a delta in India [19]. Barati et al. (2019) modeled the
dynamics of a groundwater resources management system and
presented policies for sustainable management of groundwater
resources [20]. El Osta et al. (2018) studied Maximizing the man-
agement of groundwater resources in Egypt. God & El Osta
(2020) studied Geochemical controlling mechanisms and quality
of the groundwater resources in Egypt [21,22].

Among current approaches to sustainable water resources man-
agement, the Water-Food-Energy Nexus (WFE Nexus) is discussed
as one of the well-known approaches adopted by the World Eco-
nomic Forum (WEF) with the aim of studying the link between
water and economic development and resources security [23].
The Nexus approach provides the necessary preconditions for sus-
tainable management of the limited resources available.

As demand grows in the future, competition for resources will
increase, and ensuring the availability of water, food and energy,
and the security of all these three sectors without depleting natural
resources is recognized as a major challenge in the Asian region
[24]. Water demand management and its solutions in combination
with supply management and water resources protection policies
can represent an effective step towards the most optimal use of
water resources. Various studies addressed the Nexus WFE, some
2

qualitatively and some quantitatively and there are a limited num-
ber of modeling and simulation, most of which were conducted on
a limited spatial scale such as the following: provision of new solu-
tions for efficient water use and optimal land allocation for produc-
tion of biofuels [25,26]; and analysis of sugarcane and other
industrial plants as alternative energy sources. Elfetyany et al.
(2021) studied the effect of food waste on Egypt water resources.
Rafat Elkharbotly et al. (2022) simulated the sustainable manage-
ment of water resources in Egypt. El-mahdi (2022) assessed water
resources systems vulnerability to assess climate change Impact in
Limpopo River Basin, Africa [27–29].

Another group of studies designed a qualitative model of inter-
relationships between WFE resources [30,31].

A limited number of studies developed a policy model with a
Nexus SD-WFE approach for sector integration. Akhtar (2011)
explored the quality and quantity of changes in water resources
considering population, climate, economy, energy and food on a
Canadian scale [32]. Melkonyan et al. (2017) modeled climate
change as well as population and lifestyle and the impacts on
WFE resources with emphasis on food security in Armenia [33].
Ravar et al. (2020) modeled a WFE system dynamics to enhance
ecosystem services at the scale of Gavkhouni catchment area
[34]. Keyhanpour et al. (2020) developed a dynamic model of sus-
tainable water resources management system with the aim of pol-
icymaking based on security of water, food and energy resources of
Nexus according to the changes in demand stemming from popu-
lation growth and economic growth in the Khuzestan plain [35].
Bakhshianlamouki et al. (2020) developed a system dynamic
model to simulate the water-energy-food nexus to regenerate the
Lake Urmia with regards to climate change [36]. Wen et al. (2022
examined the various policies of the Chinese government on the
WEF-Nexus system) [37].

A review of literature indicates that few studies focus on sus-
tainable groundwater management based on WEF-Nexus. Given
the unbalanced regional development and the reliance of regional
water supply on groundwater resources, groundwater resources
security in some parts of Iran has faced serious challenges.

This study addressed the dynamic modeling of sustainable
water resources management based on the Nexus water-food-
energy relationship and simulated the effect of the trends of pop-
ulation change, economic growth and renewable energy sources
development on water stress and groundwater security. This
model was designed as a policymaking tool for integrated water
resources management with emphasis on improving the security
of groundwater resources in the study area and for the sake of
moving towards sustainable water resources management.
2. Overview of the case study

Groundwater resources security is considered more complex in
some provinces of Iran due to the degree of dependence on
groundwater resources. About 85% of the water required in Alborz
Province is provided by relying on groundwater resources, and the
population growth of Alborz province is more than three percent
annually, twice the average population growth in the country
[38]. This has caused unbalanced development in every respect
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in Alborz Province; Alborz water resources are insufficient to
respond to this unbalanced development, and this has caused
water stress in Karaj metropolis and the surrounding cities and
even in villages. As shown in Fig. 1, 80% of the area of Alborz Pro-
vince is located in the catchment area of the salt lake below the
central plateau basin and another 20% in the Taleghan plain of Ala-
mut below the Sefidrood catchment area. The average rainfall in
the province is 508 mm. The rate of evaporation from the free sur-
face of water in the study area is 1743 mm. The total volume of
groundwater reserves is 31187.25 mm3. The volume of under-
ground inflows and outflows is equal to 226.71 and 14.3 mm3

per year, respectively. The study area mainly has a free groundwa-
ter aquifer. The dominant system of groundwater aquifer utiliza-
tion are wells, springs and aqueducts, which account for 89.5%,
9.6% and 0.9% of the total resources, respectively. The average
thickness of the groundwater aquifer is 50 m and the average aqui-
fer drop is 0.94 m. The index of recovery potential of aquifers in the
study areas of Alborz province is 97.58. Therefore, there is no
potential for recovery of basin aquifers naturally.

The total arable land of Alborz Province is estimated at
65,076 ha. Despite its small size, Alborz Province enjoys the high-
est tanks in terms of average yield in the production of many hor-
ticultural and agricultural products [39]. Alborz Province
hydropower plants include Amirkabir Dam with a capacity of
90 MW, Taleghan Damwith a capacity of 18 MW, and Ghaem Com-
bined Cycle Power Plant with a capacity of 625 MW, supplying
electricity to Alborz Province. Mallard and Taleghan solar power
plants with a capacity of about 500 kW are considered renewable
energy sources in Alborz Province [40]. The degree of dependence
on groundwater is 73.76%. Therefore, the high dependence of the
region on groundwater has reduced the volume and deficit of
groundwater reservoirs. Hence, maintaining the security of these
resources is of particular importance.
Fig. 1. Alborz Province
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3. Methodology

System dynamics is known and applied for modeling complex
systems and identifying policies. System Dynamics helps under-
stand strategic issues in complicated dynamic systems [41]. In this
study, the system dynamics approach was used to model and sim-
ulate VENSIM DSS 6.4E software. This approach is a suitable
method for modeling WFE nexus because it makes the dynamics
between different systems comprehensible using dynamic feed-
back loops and nonlinear ordinary differential equations [34,42].
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 security, food resources security and energy resources
security. Fig. 2 illustrates the components inside these subsystems
and their relationships consistent with Energy-Food-Water (WFE)
Nexus approach. As shown in Fig. 2, the groundwater resources
security and the surface water resources security subsystems con-
sider degrees of water demand and supply. Given the focus on
groundwater resources security, the effect of excessive abstraction
with the aim of responding to demands on water stress, aquifer
level decline, and land subsidence is taken into consideration.

Under the food resources security subsystem, agricultural pro-
duction, fishery, livestock, poultry, and food imports are taken as
food supply resources, and per capita consumption and exports
from the province are considered as demand.

The energy resources security is focused on electrical energy
resources due to the location of Alborz region. Production of elec-
trical energy has been taken into consideration given the produc-
tion at hydropower, combined cycle, and solar power plants, as
well as electrical energy use in water, food, and energy sectors.

Regional development due to population and economic growth
and its effect on water, food and energy resources, as well as
catchment basins.



Fig. 2. Sustainable groundwater resources management subsystems and their interaction based on WFEN.
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groundwater resources sustainability, is taken into consideration.
The dynamic model subsystems are discussed in details as follows.
4. Sustainable groundwater resources management 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
were formulated mathematically, taking into account the trends
and complying with the existing rules. Time series data gathering
was carried out based on the results of Iran Water Resources, Min-
istry of Agriculture Jihad, Statistical Center of Iran, and Ministry of
Energy. Fig. 3 shows the flow diagram of the sustainable water
resources management. The flow diagrams of each subsystem
and their modeling details are discussed below (see Fig. 4).

4.1. Groundwater resources security subsystem

The water resources subsystem was designed regarding the
general equation of water resources balance and the water hydro-
logic cycle given surface water and groundwater resources and
their use in different sectors. The difference between water
resources supply and demand is considered the water resources
security. Water resources supply is based on surface water and
groundwater resources available, which responds to demands in
drinking water supply, agricultural productions, energy produc-
tions, and other sectors. Considering the ever-rising demands of
4

water resources and the reliance of the region on groundwater
resources, the number of wells and excessive abstractions of
groundwater resources on the one hand lead to intensified water
stress in the region and declined aquifer levels, and increased num-
ber and height of wells and drainage volume of deep and semi-
deep wells on the other hand exacerbate land subsidence. The
basin’s water stress is considered with respect to Equation (1),
where water abstraction degree in sectors of drinking water (D),
industry (I), and agriculture (S) is calculated in proportion to avail-
able water reserves (the sum of renewable surface water and
groundwater reserves and the water input into the basin minus
the water output) per million cubic meters.

RWSI ¼ Dþ I þ Að Þ=S ð1Þ
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, Pi is the amount of rainfall in station i, and Ai rep-
resents the area of station i according to Eq. (2) in the model [43].

P
�
¼

P
Ai � PiP

Ai
ð2Þ

The total annual volume of dam water resources is based on the
hydrological balance according to Eq. (3) [44,45]. DSD is the total
annual water volume of 2 main dams, IDi and ODi are the inflow
and outflow to the reservoir for the dam i considered in the model.

DSD ¼
X2

i¼1
IDi � ODið Þ ð3Þ
4.2. Food resources security subsystem

As witnessed under the food resources subsystem in Fig. 5, food
supply is considered based on agricultural production, fishery, live-



Fig. 3. Sustainable Groundwater Resources Management SD-DSS Model.

Fig. 4. Flow Diagram of Groundwater Resources Security Subsystem.
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stock, and poultry. On the other hand, the amount of food imported
to and exported from the province is also taken into consideration.

Food security regards the difference between food resources
demand and supply. Food demand is determined based on varia-
tions in population and per capita food consumption. Since the
5

added value of the energy sector and that of the agriculture sector
are realized through supply of water, food, and energy resources,
they play a significant role in gross domestic product and economic
growth. The effect of value added growth in energy sector and that
in food sector on economic growth is studied based on Eqs. (4), (5),



Fig. 5. Flow Diagram of Food Resources Security Subsystem.
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and (6) in the model [48,49]. According to the time series data
(2011–2018), economic growth, agriculture value added growth,
energy value added growth, and regression coefficients of b1 and
b2 were calculated.
logGDP ¼ b0 þ b1 � logVAAgricalturet þ b2 � logVAEnergyt ð4Þ
Economic growth ¼ GDPt � GDPt�1

GDPt�1
ð5Þ
VA growth ¼ VAt � VAt�1

VAt�1
ð6Þ

Water demand in the agriculture sector was considered based
on the region’s cultivation pattern and the water demand of the
products, as well as the average irrigation efficiency.

Food resources, fishery, livestock, and poultry, were also consid-
ered given the average water consumption for producing each unit.
Table 2 presents the constant values used under the food resources
subsystem.
Table 2
A number of constant variables of food resources security subsystem [24,46,47].

Variable Value Unit Variable

Water demand for agricultural products 1100 M3/Ton Allocation of
water consumption of livestock 15 M3/Kg per capita fo
Agricultural lands available 68,000 Hectare Average wat

6

4.3. Electric energy resources security subsystem

Under the electrical energy resources, as shown in Fig. 6, energy
supply is considered with respect to the production of hydropower,
combined cycle and solar power plants. Electricity demand of the
agricultural sector is due to the pumping electricity for groundwa-
ter abstraction and the electricity demand of irrigation networks.
The electrical energy required for pumping is considered according
to Eq. (7) based on the depth of the well and the efficiency of the
pump.

ElGW = (GW � GH � ElP)/PE ð7Þ

where ElGW represents annual groundwater pumping electricity
demand for water consumption, GW is annual volume of water
withdrawal, GH is sub-basin pumping height, which is calculated
based on aquifer volume and water table level fluctuation, ElP is
the conversion coefficient of electricity demand for water pumping
from different depths, and PE represents the water pumping effi-
ciency. In addition, in the water sector, the demand for water treat-
ment energy is considered. Electricity demand in the energy sector
is also considered according to the amount of domestic energy con-
Value Unit

water resources to the food sector 0.95 Dmnl
od consumption 0.0418 Ton/Person
er requirements per hectare 0.05 Million M3/(Year*Hectare)



Fig. 6. Flow Diagram of Electric Energy Resources Subsystem.
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sumption in each of the hydropower, combined cycle and solar
power plants in accordance with Table 3. The effect of economic
growth on electricity demand is also taken into consideration, as
mentioned earlier (see Fig. 7).

4.4. Validation of SD-DSS model

This stage includes validating Nexus WFE-SD model. After
ensuring that all the units and dimensions of the variables and
equations were consistent, the flow model was simulated by VEN-
SIM DSS 6.4E with annual time steps over a 20-year horizon. The
results obtained from simulating different parts of the model show
a good conformity with historical trends. The period to be exam-
ined is from 2011 to 2018. Some of the simulated trends of the
model are compared with the historical data in Table 4 for valida-
tion. Root Mean Square Percentage Error (RMSPE) index is calcu-
lated using Eq. (8) where, St is the simulated value, and At is the
actual value.
Table 3
A number of constant variables of electric energy resources security subsystem [24,46,47,

Variable Value Unit

Pumping energy of each unit of water extraction from the well 6 � 10–
6

MW/Mi
M3

Pump efficiency 0.5 Dmnl
Energy consumption to produce one unit of energy in a

hydroelectric power plant
0.026 Dmnl

Electricity consumption of each irrigation network unit 8.4 MW/
(Year*H

7

RMSPE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=n

Xn
t¼1

St� At
At

� �2
vuut ð8Þ

Model validation, 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.
The base year was considered to be as of 2018, and the simulation
horizon is counted as 20 years. The behavior of some main model
variables over the simulation horizon is presented in Fig. 8. As can
be seen, the number of authorized and unauthorized wells in the
study area will be on a rising trend. The water stress of the first
year and the second year shows a relatively downward trend
and is around 0.4, but from the sixth year into the simulation, it
takes a relatively steep slope on a rising trend and will reach
0.8. The aquifer level decline is estimated with an upward slope
during the simulation, and the annual subsidence is increasing
from about 12 cm to 20 cm per year. Considering the behavior
50].

Variable Value Unit

llion Pumping energy per unit height of
groundwater access

0.065 MW/Year

Solar energy production 1400 MW/Year
Energy consumption of a unit of water
purification

0.0119 MW/Million M3

ectare)
Per capita electricity consumption 1.058 MW/

(Year*Population)



Fig. 7. Simulation results of the main variables of SD-DSS model.

Table 4
Comparison between (At) and (St) behavior of some variables in the system [24,46,47,50].

RMSPE 2011 2012 2013 2014 2015 2016 2017 2018

Population (Million people)
RMSPE = 0.011

At 2.411 2.46 2.5 2.6 2.66 2.7 2.77 2.879
St 2.411 2.47 2.50 2.61 2.67 2.75 2.78 2.88

Production of agricultural products (Million Ton), RMSPE = 0.035 At 1.9 2.2 1.9 2.04 2.01 1.91 1.85 1.73
St 2.0 2.17 2.01 2.02 1.97 1.86 1.78 1.67

Production of combined cycle power plant (MW/Year),RMSPE = 0.017 At 5444 5756 5383 5131 5031 5367 5245 5466
St 5423 5543 5436 5200 5101 5332 5235 5566

Value added of the food sector (Billion Rial), RMSPE = 0.027 At 5700 9612 9232 10,939 10,890 10,657 11,079 10,716
St 5978 9653 9765 10,865 10,787 10,543 10,865 10,716

Value added of the energy sector (Billion Rial), RMSPE = 0.032 At 36,496 28,562 25,219 28,706 31,415 34,716 40,839 33,859
St 35,989 27,568 26,006 27,999 30,434 33,679 40,638 33,859
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of the key variables of the model, groundwater security, food
security and electrical energy security are critical over the simu-
lation horizon.

4.5. Sensitivity analysis of dynamic model

The software version of VENSIM DSS 6.4E supports Monte Carlo
automatic sensitivity analysis. Monte Carlo simulation is known as
multivariate sensitivity that performs sensitivity analysis automat-
ically. With regards to the results obtained from Monte Carlo sen-
sitivity analysis of all exogenous variables, taking into account the
possible logical range of changes for each variable according to the
planers, the target variables proved not sensitive to most of them.
Furthermore, the model showed a high sensitivity to the variables
such as pattern of cultivation, irrigation technology and population
growth, 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. 8.

4.6. Policy analysis

Based on the results of model sensitivity analysis and feasibility
studies on water resources management operational plans of
Alborz province and with the participation of Alborz regional water
8

policy makers, three scenarios were considered to improve
groundwater security regarding water-food-energy security nexus,
and a number of policies were designed considering the focus of
each scenario to apply to the model, which are described below:

1- Scenario of groundwater resources based on optimal use
of water supply resources

As mentioned above, one of the major challenges in Alborz is
the state of groundwater resources. Over the last 20 years, the
average groundwater decline in the Tehran-Karaj plain has reached
more than one meter. If water resources management is not imple-
mented, there will be no more groundwater resources in the next
20 years. In some areas, severe groundwater decline caused land
subsidence and many drinking water wells have problems.

The solution category of this scenario with the optimal use of
surface water and groundwater resources is focused on the
groundwater resources sustainability. To this end, three solutions
were considered:

1-1-Aquifer artificial recharge policy: Due to the need for
immediate measures to reduce the sharp decline of Alborz aquifers
as a result of illegal abstractions from groundwater resources, it is
expected that 10 million cubic meters of water per year be allo-
cated to feed the aquifers by building artificial recharge dams, thus
providing for a falling trend in the decline of Alborz aquifers’
groundwater level.



Fig. 8. Monte Carlo Sensitivity Analysis of some exogenous variables in the system.
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1-2- Policy of blocking illegal wells and controlling illegal
abstractions: Another manifestation of unbalanced development
is the high number of water wells in Alborz.

Approximately 11,000 wells have been drilled in Alborz, of
which 2,500 are authorized wells and 8,300 are illegal [38].

This policy is focused on organizing illegal wells and controlling
the amount of well extraction.

1-3-Policy of construction and operation of storage systems
and extraction of rainwater and graywater for reuse: The
amount of wastewater produced in Alborz Province in the current
situation is equal to 245 million cubic meters, of which only 14.5
million cubic meters per year can be delivered at the outlets of
the constructed treatment plants according to the implemented
plans, collection networks and wastewater disposal.

Therefore, the construction and operation of other wastewater
disposal facilities and planning for reuse is of particular impor-
tance. In order to increase the efficiency of wastewater utilization
for agricultural purposes in places lacking a treatment plant or the
feasibility to build these plants, such as villages and especially
Karaj, Taleghan and Kordan rivers, establishment of a system for
wastewater treatment and recycling of water using modern
wastewater recirculation methods will make suppliable the water
needed for non-drinking purposes.

Creation of such a system will obviously enable irrigation of
agricultural lands with the produced water.

2- Groundwater-Food Security Scenario Based on Agricul-
tural Water Demand Management:

Considering the major consumption of water resources in the
agricultural sector, its reliance on groundwater resources, lack of
aquifer natural recharge and high water stress in Alborz, the solu-
tions of this scenario concern managing water demand in the agri-
culture sector while maintaining food security in the region. To this
end, four solutions were identified:

2-1-Irrigation systems development policy.
The ratio of land area irrigated by modern methods is very small

compared to the area covered by the traditional irrigation systems,
and it is only 16.76%.

The majority of modern irrigation systems applied in the region
include the fixed classic sprinkler irrigation with a mobile sprinkler
9

for agricultural lands and local irrigation including drippers and
bubblers for gardens.

The total irrigation efficiency in Alborz Province in the current
situation accounts for 46% for crops and 50% for gardens, which
can increase up to 70% given the irrigation methods.

2-2-Policy of promoting a cultivation pattern suited to cli-
matic conditions and ecological power.

This policy focuses on growing plants with lower water require-
ments and higher yields. The majority of agricultural products in
Alborz Province are wheat, barley, forage corn, herbs and vegeta-
bles, alfalfa and tomatoes. The trend of cultivation pattern in recent
years has increased the attractiveness of growing forage and dried
fruits among farmers due to high profitability. Forage corn will
undoubtedly increase water demand due to its high water require-
ment. Gardens of dried fruit such as almonds and walnuts will also
increase water demand due to 25% growth in recent years. The pol-
icy of promoting a cultivation pattern suited to support the con-
struction of agricultural industrial plants with the aim of
encouraging farmers to produce less water-intensive crops such
as rapeseed and medicinal herbs will reduce the demand for water
resources in the agricultural sector by 10%.

2-3-Policy of reducing agricultural waste during production
period.

According to the FAO and the Agricultural Jihad Organization in
Iran, the severity of food losses is on average 12% in production and
pre-harvest stages, 25% in relocation, storage, processing and dis-
tribution stages, and 10% in consumption
[51,50,48,46,45,44,43,47].

This policy focuses on reducing waste over the production per-
iod, especially during harvest, by applying techniques such as cul-
tivation of resistant species, timely harvest and monitoring during
the mechanized harvesting operation phase.

2-4-Policy of developing agricultural production efficiency
and mechanized cultivation.

Production efficiency in Alborz is higher than the national aver-
age; however, seed modification and plant protection and pest
control programs, fertilization with organic and biological fertiliz-
ers on farms, allocation of support funds to the purchase of mech-
anized farming machinery and establishment of mechanization



Table 5
Identified policies regarding the sustainable water resources management.

Scenario Policy Changes in model

groundwater resources security based on optimal
use of water supply resources

Policy
01

Aquifer artificial recharge Annual artifical recharge 10 million
cubic meters

Policy
02

Blocking unauthorized wells Blocking 100 wells annually

Policy
03

construction and operation of storage systems and extraction
of rainwater and graywater for reuse

Supplying 20% of agricultural water by
water recirculation

groundwater-food security based on agricultural
water demand

Policy
04

developing irrigation systems Increasing irrigation efficiency by 25%
in the 5-year plan

Policy
05

Promoting a suitable cultivation pattern Reducing water demand by 10%

Policy
06

Reducing agricultural waste Reducing losses by 15%

Policy
07

Developing agricultural products efficiency Increasing efficiency by 20%

Groundwater-electricity resources security based
on electricity demand

Policy
08

Optimizing consumption and reducing electrical energy loss Reducing the extent of energy
consumption in the 5-year plan

Policy
09

Constructing heat recovery power plant through industrial
processes

Generating 20 MW of electrical energy

Policy
10

Operating potential of renewable solar energy Generating 75 MW of solar energy in
the 5-year plan
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service companies due to the scattered pattern of land enable at
least 20% improvement in agricultural production efficiency.

3- Groundwater-Electricity Resources Security Scenario
Based on Electricity Demand Management:

Given the demand for electricity in Alborz and the energy secu-
rity crisis in the region, this scenario intends to manage the
demand for electricity in order to secure groundwater resources.
Accordingly, three policies were designed:

3-1- Policy of optimizing consumption and reducing electri-
cal energy loss.

The efficiency of Montazer Ghaem combined cycle power plant
is estimated at 45%. Cooling of the airflow inlet into the compressor
of the gas units and altering the compressor or the combustion
chamber are activities that will prevent approximately 20% of
energy loss.

3-2-Policy of constructing heat recovery power plant
through industrial processes.

There is a potential to build a 21 MW heat recovery power plant
for cement factories in Alborz Province. Investment in a thermal
power plant in the cement industry is estimated to cost $1,600
to $2,000 per kilowatt.

3-3- policy of operating potential of renewable solar energy
This solution is defined according to the potential of 150 MW

production capacity in the solar power plant. Given the high
investment in the solar power plant, which is estimated at about
€700,000 per megawatt, this policy requires an increase in guaran-
teed purchase tariffs commensurate with inflation and return on
investment. In addition, in exploiting the potential of solar energy,
according to the current policies of the country to reduce green-
house gas emissions in order to electrify diesel wells and the use
of renewable energy, financial support policies for the purchase
of solar systems for solar pumping have been considered. Table 5
summarizes the policies of sustainable management of Alborz
water resources and the changes applied to the dynamic model.
Fig. 9 shows the behavior of key model variables after applying
the policy category of each scenario.

As can be seen, none of the policies alone leads to simultaneous
improvement of groundwater security along with the security of
food and electricity sources. The first scenario presents the best
policy category to improve the security of groundwater resources
and reduce water stress in Alborz, but this policy category could
not improve the security of food and energy resources alone and
sustainably. Given the focus of the second scenario on food secu-
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rity, as can be seen, although the implementation of these policies
up to 15 years of simulation results in improved food security, due
to increased groundwater abstraction and increased water stress,
food security also faces a challenge in the ending five years. The
energy demand management scenario is only effective for the
energy resources security. According to the results, the policies
were applied as a combination on the model, and finally, the best
policy combination was identified with regard to groundwater
security in tandem with food and energy security and the feasibil-
ity of implementing sustainable management of Alborz water
resources. Table 6 presents the selected combined groundwater
security policy.

According to the results of model behavior in a variety of com-
binations, only tertiary compounds sustainably lead to improved
resources security in the region. Therefore, combined policies from
all three scenarios are considered. The amount of changes in each
policy is determined by the results of sensitivity analysis to reach
the minimum changes required for sustainable management of
Alborz groundwater resources with the participation of policy
makers in order to plan for five years. Fig. 10 shows the behavior
of the key variables of the model after the selected combined pol-
icy is implemented in comparison with other policy categories. As
can be seen, with implementation of the combined policy, Alborz
water stress has been controlled at about 0.35 on an almost con-
stant basis, and groundwater resources will begin to recover from
about the eighth year into the simulation. The security of water,
food and energy resources will meet demand on a sustainable
basis.

5. Conclusions

Alborz Province has undergone unbalance development in
operating natural resources. Groundwater resources security faces
crisis due to immense dependence of Alborz on groundwater
resources, and it puts the region under water stress with reduced
volume and shortage of groundwater reserves. With the growing
demand in the future, competition over water resources will esca-
late, and groundwater resources security is considered a challenge
in the region. Given the 128% exploitation of groundwater
resources, it is not feasible to develop groundwater resources
abstraction in Alborz aquifers. Moreover, given the presence of
the Amir Kabir Dam on the heights overlooking the Karaj plain,
the Taleghan Dam at the border of Alborz Province towards Qazvin



Fig. 9. Behavior of key variables through policies changes.
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Province, insignificance of surface streams volume and the
immense dependence of the Hashtgerd plain’s alluvial aquifer on
the Kordan river, it is not possible to develop surface water
resources exploitation in Alborz Province, either. Therefore, given
the water stress state in Alborz, not only is it impossible to develop
exploitation given the shortage of water in these regions, but the
current exploitation must also be reduced. Among sustainable
water resources management approaches, the Water-Food-
Energy Nexus (WFE Nexus) is one of the well-known approaches
discussed with the aim of studying the relationship between natu-
ral resources, economic growth, and resources security. The Nexus
approach provides the necessary preconditions for sustainable
management of the limited resources available.

This study conducted dynamic modelling of sustainable ground
water resources management based on the Water-Food-Energy
Security Nexus (WFESN-SD) and analyzed sustainable groundwa-
ter resources management solutions considering the pattern of
variations in population, economic growth, and renewable energy
resources development on water stress and groundwater resources
Table 6
Combined policies and changes in sustainable groundwater resources management.

Changes in model Combined Policies

10 million cubic meters of annual
artificial recharge

Aquifer artificial recharge

Blocking 100 wells annually Blocking unauthorized wells
Supplying 10% of agricultural water by

water recirculation
Operating graywater waste for
reuse

Increasing irrigation efficiency by 15% developing irrigation systems
Reducing production losses by 10% Reducing agricultural waste
Increasing efficiency by 20% Developing agricultural products

efficiency
Reducing the extent of energy

consumption by 5%
Reducing electrical energy loss in
power plants

Generating 1 MW of solar energy Solar pumping systems of
agriculture sector
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security. To this end, after identifying the complications in Water-
Food-Energy Nexus and quantifying them using time series data,
the dynamic model of WFE was design. After model validation,
the initial simulation was carried out. The primary results were
indicative of water, food and energy resources insecurity over a
20-year simulation.

After running the sensitivity analysis of the model, the leverage
points of change were identified, and using feasibility studies in
three regional water areas of Alborz, Alborz Agriculture Jihad,
and electrical energy and renewable energies, with participation
of policy makers, three scenarios of groundwater resources secu-
rity based on optimal use of water supply resources,
groundwater-food resources based on agricultural water demand
management, and groundwater-electrical energy resources secu-
rity based on electrical energy demand management were
designed and policy categories were identified. Application of the
policies on the model indicated that none of the scenarios alone
would lead to sustainable water-food-energy resources manage-
ment. Afterwards, the selected policies were proposed by applying
combined policies and determining the minimum variations
required in a 5-year plan.

� Construction of artificial recharge dams and allocation of 10
million cubic meters of water annually to feeding aquifers given
the sever decline of Alborz aquifer levels due to excessive
abstractions of groundwater resources and decline in natural
aquifer recharge

� Prevention of excessive abstractions or blockage of unautho-
rized wells and organization and control of extraction from
authorized wells. In general, about 11,000 wells have been
drilled in Alborz, of which 2,500 are authorized wells and
8,300 are illegal.

� Construction and operation of sewage disposal facilities and
planning for their reuse and supply of 10% of the agricultural
water using modern water recirculation systems given that



Fig. 10. Behavior of Key Variables with the Combined Policy.
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the amount of wastewater produced in Alborz Province in the
current situation is equal to 245 million cubic meters and sew-
age collection and disposal networks account for only 14.5 mil-
lion cubic meters per year.

� Development of irrigation systems towards at least 10%
improvement in water productivity in agricultural lands and
gardens of Alborz. Since the ratio of land area under new irriga-
tion methods compared to the area under traditional irrigation
systems is only 16.76%. Water productivity in the agriculture
sector is estimated at about 50%, and with modern irrigation
methods, it is possible to increase water efficiency up to 70%.

� Reducing agricultural waste by 10% given the estimated average
losses of 12% in the production stage and before harvest, 25% in
harvest and 10% in consumption losses in Iran

� Production efficiency in Alborz is higher than the national aver-
age; however, seed modification and plant protection and pest
control programs, fertilization with organic and biological fertiliz-
ers on farms, allocation of support funds to the purchase of mech-
anized farming machinery and establishment of mechanization
service companies due to the scattered pattern of land will enable
at least10% improvement in agricultural production efficiency.
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� Reducing at least 5% of electrical energy loss in a combined
cycle power plant given the current low efficiency of 45%
through activities such as cooling the airflow into the compres-
sor of gas units and changing the compressor or combustion
chamber.

� Developing solar pumping systems in the agricultural sector
and implementing financial support policies for farmers. Since
the current macro policies of the country consider reducing
greenhouse gas emissions by electrifying diesel wells and
increasing the use of renewable energy, implementation of
financial support policies for the purchase of solar pumping sys-
tems due to lower investment costs than other solutions is in
line with ensuring resources security and meeting electrical
energy demand in the agriculture sector.

The findings of the dynamic model showed that the combined
policies would be the best solutions for securing Alborz groundwa-
ter resources for sustainable management of water resources. In
future studies, the model can be developed by adding variables
such as water purification systems, groundwater pollution, climate
change and wind energy utilization.
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