
Vol:.(1234567890)

Environment, Development and Sustainability (2021) 23:16246–16282
https://doi.org/10.1007/s10668-021-01340-0

1 3

Developing a sustainability assessment framework 
for integrated management of water resources systems 
using distributed zoning and system dynamics approaches

Mehri Abdi‑Dehkordi1 · Omid Bozorg‑Haddad2   · Abdolrahim Salavitabar3 · 
Erfan Goharian4

Received: 8 April 2020 / Accepted: 11 March 2021 / Published online: 24 March 2021 
© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract
The management of large-scale water resources systems requires including of different 
stakeholders and users from municipal, agricultural, industrial and environmental sectors. 
This has baffled the process of decision making for integrated water resource systems. In 
such systems, the interactions between various stakeholders must be carefully taken into 
account with the goal of aggregating interests around the sustainability concept. In this 
study, first, the integrated water resources systems of Big Karun Watershed, Iran, have 
been modeled using the system dynamics approach. The system dynamics model repre-
sents the interactions between different components of the system, including water transfer 
projects, dams, urban, industry, agriculture and fish farming, and environmental demands. 
Vensim software has been used for the system dynamics modeling. Vensim simulates the 
dynamics behavior of the sub-systems and overall performance of the system by compar-
ing the current operation policies with the future management scenarios. A wide range of 
performance indices, such as quantitative and qualitative water stress, income, cost, and 
productivity, have been used here to represent different aspects of sustainability goals. 
Finally, the performance of the systems has been evaluated by developing a sustainability 
index using distributed zoning model in order to identify proper management policies for 
this watershed. The results indicate that downstream users demand cannot be fully met 
by solely considering inter-basin water transfer and agricultural development projects. The 
sustainable and integrated management of the whole system ties into enhancement in both 
infrastructure systems and the operation of the whole system. It is expected that the sus-
tainability of the basin improves if a water market schema exists and the gained money 
would be used to enhance the efficiency of existing irrigation networks.
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1  Introduction

Water resources are scarce in Iran. This country has been listed among countries with 
potential water scarcity in the future. The hydroclimatic condition and geographic loca-
tion of Iran, as well as uneven spatial and temporal distribution of precipitation, resulted 
in water scarcity in numerous parts of the country. Population growth, urbanization, indus-
trial development, and agricultural expansion have increased water consumption, and in 
turn exacerbated the situation (Madani, 2014). The combined urban and industrial sewer 
systems further caused degradation of water quality in this country. Thus, implementation 
of appropriate and sustainable water resources management, especially for the large-scale 
systems, is essential for this country (Akbari-Alashti et  al., 2014). Existence of multiple 
stakeholders and users, including municipal, agricultural, industrial and environmental 
sectors, has baffled the process of water resource planning and allocation of adequate to 
meet conflicting stakeholders’ demands (Bozorg-Haddad et  al., 2009). In such a system, 
the interactions between various stakeholders must be carefully taken into consideration 
by aggregating interests around the sustainability goals (Loucks, 2000). In conflict objec-
tives and multi-criteria decision-making would affect the behavior of players in a complex 
water resources system (Lai et al., 2008). Integrated water resources management becomes 
a complex task, but necessary due to multidisciplinary essence of decision making which 
involves socio-economic and political aspects (Sivapalan et al., 2014; Goharian et al., 2016 
and 2017). Even at a sub-basin level, there might be many users with conflicting inter-
ests involved in decision making, such as local farmers, farming companies, and NGOs. 
In addition to the complexity associated with the decision makers’ behavior, the inherent 
uncertainty of water consumption pattern for different purposes, drinking, hydropower, 
agriculture, and environmental, should be foreseen and considered. Thus, water resources 
management and planning are a multi-sectoral and complex matter and requires precise 
development and implementation of shared and acceptable plans in order to achieve a sta-
ble strategy for sustainable management (Zhou et al., 2015a, 2015b).

Considering the impact of water resources management on regional strategic plan-
ning and development, it is necessary to simulate large-scale system models to support 
the formation of a systematic integrated framework. System dynamics (SD) is a valuable 
tool to provide better understanding of nonlinear behavior of complex systems. The SD 
is a renowned approach for providing a theoretical concept and framework for dynam-
ics modeling of water resource systems and explore hidden interrelationships and causal 
effects among system’s components (Forrester, 1958). There are many studies which evalu-
ate the effectiveness of this method in simulating water resources systems with various 
underlying problems. Examples of these efforts are: urban water management (Zarghami 
& Akbariyeh, 2012), flood and short-term and long-term irrigation effects (Winz et  al., 
2009), hydro-economics (Yang et  al., 2009), water allocation and management (Zhang 
et al., 2008; Karmaouz et al., 2013), water supply and demand (Ahmad & Prashar, 2010), 
agronomic (Gastelum et al., 2010), climate change impact on water resources (Wang et al., 
2014 (water reservoir operation (Karamouz et al., 2012), uncertainty analysis (Goharian, 
Burian, et al., 2018; Goharian, Zahmatkesh, et al., 2018), and urban water distribution net-
works (Rehan et al., 2013).

Despite system’s thinking, which focuses on whole, agent-based models have been 
used to evaluate the role of individual and institutional behavior for adaptive manage-
ment of complex water systems (Berger et  al., 2007), urban water management (Gallan 
et al., 2009), basin management considering three off-stream human factors, one in-stream 
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human factors and two environmental factors (Yang et al., 2009), evaluation of the com-
plex characteristics of residential water consumption (Chu et al., 2009), long-term opera-
tion and management of a river-reservoir system (Ricker and Labadie 2012), modeling and 
analyzing different levels of coordination and information exchange among decision mak-
ers in a basin (Giuliani & Castelletti, 2013), integrated water resource management through 
temporal and spatial analysis of water resource systems dynamics (Nikolic et al., 2013) and 
forecasting urban water demand (Yuan et al., 2014).

Another useful method in water resources planning process is the conflict resolution 
theory. This method can provide an optimal solution considering conflicts among different 
sectors and their utility. There are many studies which applied this method in water alloca-
tion in drinking, agricultural and industrial sectors (Mahjouri & Ardestani, 2011; Salazar 
et al., 2010; Shirangi et al., 2008), groundwater resources management (Kerachian et al., 
2010) and water resources management in complex systems (Nouiri, 2014; Zhou et  al., 
2015a, 2015b).

Conflict resolution methods are not applicable for the formulation of the mentioned case 
study. Using these methods in this case study is time-consuming and also complicated as 
there are a large number of different interactions and complexities in the system. On the 
other hand, if the performance of all factors must be evaluated one by one and in a dynamic 
framework, the agent-based models are the most applicable models for system simulation. 
As the whole system in this case study is evaluated for each rule, SD is the most applicable 
method for simulation of the mentioned case study.

As mentioned before, it is necessary to fully consider the interactions within and among 
the large-scale systems’ components. Further, using the system-of-systems approach, the 
interactions between systems should be assessed. The previous studies showed that SD is a 
suitable method for modeling of complex systems by considering quantitative, qualitative, 
structural, non-structural factors. In this study, considering the importance of integrated 
and sustainable water management, water quantity and quality allocation framework has 
been developed using the SD approach for the Karun River basin. Therefore, due to the 
complexity of system, several management scenarios are investigated and the impacts of 
them are evaluated on social and economic systems.

2 � Material and methods

This section is divided into 3 subsections including development of sub-systems simulation 
based on SD approach, performance assessment and methodology.

2.1 � Development of sub‑systems simulation based on SD approach

The most important subsection is causal loop diagrams (CLDs) in SD approach, so CLDs 
for different sub-systems are illustrated in Figs. 1, 2, 3. These sub-systems are supply and 
demand management, hydropower generation and system performance assessment.

2.2 � Performance assessment

The performance of large-scale system should be evaluated using a framework which 
considers for quantitative water stress (Eqs.  1 and 2), qualitative water stress (Eq.  3), 
environmental water stress (Eq.  4), income from each node agriculture and industry 
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Fig. 1   CLD of supply and demand management sub-system

Fig. 2   CLD of hydropower generation sub-system
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nodes (Eq. 5), water productivity in each agricultural node compared to other agricul-
tural nodes, water productivity in each agricultural node compared to industry nodes 
(Eq.  6), cost of pressurized irrigation systems in the agricultural nodes (Eq.  7), and 
income from water transfer to central and eastern basins (Eq.  8). After calculating 
indexes for each system’s nodes, the performance results are classified, based on their 
relative performance, into excellent to poor classes. Table 1 shows range of classifica-
tion of HWSIi,t and Q’WSIi,t.

where HWSI i,t is the human quantitative water stress index for ith drinking user at time t 
(MCM/person), Sup i,t is the amount of supplied water for the drinking user of i at time t 
(MCM), and Pop i,t is drinking user population of i at time t (person). Estimated values are 
assigned to the performance classes based on Falkenmark Indicator (Falkenmark, 1989). 
This index will be just calculated for drinking user nodes.

(1)HWSI i,t =
Sup i,t

Pop i,t

Fig. 3   CLD of performance assessment sub-system

Table 1   Range of classification of HWSIi,t and Q’WSIi,t

Class Ranking HWSI i,t Q
′

WSI i,t

EC (mmhos/cm)

Domestic and industry Agricultural

Excellent 1  >  = 9.15e-6  <  = 312 100–250
Good 2 7.63e-6–9.15e-6 312–1560 250–750
Fair 3 6.10e-6–7.63e-6 1560–3120 750–1500
Bad 4 4.56e-6–6.10e-6 3120–4680 1500–2250
Poor 5  <  = 4.56e-6  > 4680  > 2250
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where QWSI i,t is the quantitative water stress index in ith agricultural, industry and fish 
farming nodes at time t, Sup i,t is the amount of supplied water for the ith user at time t 
(MCM), and Demi,t is the amount of water demand for ith user at time t (MCM).

where Q′

WSI i,t is the flow quality based on total dissolved solids (TDS) in ith user at time t 
(mgr/L), S.Vi,t is salt volume in ith user at time t (Ton) and Inf i,t is flow in ith user at time t 
(MCM) (Asheghmoala, 2015). After calculating Electrical Conductivity (EC) (based on its 
relationship with total dissolved solids (TDS)) of flow at each of nodes, EC value is classi-
fied for agricultural and drinking, industry and fish farming users according to Wilcox and 
Schuler diagrams (Alizadeh, 2010). Qualitative water stress index can be calculated for all 
users.

where EWSI i,t is the environmental water stress index in ith user node at time t, OEDi,t is 
amount of supplied water to meet environmental demand in ith user node at time t (MCM), 
and CEDi,t is amount of environmental demand calculated based on the Montana method 
in ith user node at time t (MCM)(Orth & Maughan, 1981).

where EcWSI i,t is income index in ith agriculture user node at time t, OEBi,t is income 
from ith agriculture user at time t (currency), and CEBi,t is expected income from ith agri-
culture user at time t (currency). This index should be calculated for agricultural users.

where PWSI i,t is water productivity in ith agriculture or industry nodes at time t. After cal-
culating the productivity of each agriculture and industry users at different nodes, relative 
water productivity index for agriculture nodes and industry nodes is obtained and com-
pared with the maximum water productivity of agriculture and industry nodes.

where CWSI i,t is irrigation system changing cost index for the ith agriculture node at time 
t and Ci,t is cost for structural and non-structural measures to increase efficiency of ith 
agriculture node at time t (currency). To calculate this index for an upgraded irrigation 
network, construction and maintenance costs of the new irrigation system, interest rates, 
and costs associated with non-structural measures, such as advertising and training, should 
be taken into the account. Then, present value of uniform series of annual payments is 

(2)QWSI i,t =
Sup i,t

Demi,t

(3)Q
�

WSI i,t =
S.Vi,t

Inf i,t

(4)EWSI i,t =
OEDi,t

CEDi,t

(5)EcWSI i,t =
OEBi,t

CEB i,t

(6)PWSI i,t =
OEBi,t

Sup i,t

(7)CWSI i,t =
Ci,t

OEB i,t
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determined, and finally, they should be compared to the annual income of the improved 
networks.

where BWSI i,t is index of income from inter-basin water transfer to ith agriculture at time 
t and B. i,t is income from inter-basin water transfer for the ith agriculture at time t (cur-
rency). It is assumed that income from water transfer is allocated only for the new irriga-
tion systems.

2.3 � Methodology

After describing CLDs in SD approach and performance assessment, it is necessary to 
explain the flowchart of study that shows different steps of work. So, this flowchart is 
shown in Fig. 4.

(8)BWSI i,t =
Bi,t

C i,t

Fig. 4   Flowchart of different steps of work
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3 � The case study and data set

This section is divided into 2 different subsections: (1) introducing the case study and (2) 
data set of case study.

3.1 � Case study

Karun River basin is located in Southwestern Iran with an area of about 67,000 km2, of 
which 69% of this area consists of mountains and the rest are plains. Karun, as one of 
important rivers in Iran, plays a key role in growth and development of the southwest 
region. Big Karun basin, located in the middle of Zagros Mountains, consists of the Dez 
and Karun Rivers (Karun River is divided to two branches including Gargar and Shotayt). 
Average long-term yield of Karun River to Karun-4 Reservoir and average long-term 
inflow to Dez Reservoir (statistical period of 1957–2012) are 5,140 million cubic meters 
(MCM) per year and 7,537 MCM per year, respectively. The undeniable role of the Basin 
in Iran’s economic growth resulted in deploying the water resources of the basin and exten-
sive agricultural and industrial development.

Schematic of Big Karun basin is represented in Fig. 5, and schematic of existing dams, 
inter-basin water transfer plans and type of users in each branch of river in Big Karun basin 
is shown in Fig. 6. Dez Dam was built on Dez River, and Karun-4, Karun-3, Karun-1 (Sha-
hid Abbaspour), Godarland (Masjed Soleiman) dams were constructed on Karun River. 
Furthermore, Rudbar Lorestan and Bakhtiari dams in Dez basin and Bazoft, Khersan-1, 
Khersan-2 and Khersan-3 dams in Karun River basin are under construction or feasibility 
study for the future placement. These dams are mainly operated for hydropower generation 
purpose. They also provide water supply to meet Khuzestan Province agricultural, munici-
pal, and industrial demands. Characteristics of hydropower dams in Karun and Dez basins 
are presented in Table 2. It should be noted that under current situation, optimal operation 
of power plants plays an important role in supplying required electricity for the peak hours. 
It is expected that, in the near future, the system’s value will be increased considering its 
unique electricity generation capacity, and future plans for the construction of new dams 
and power plants (Badiei, 2015).

3.2 � Data set

The time series of average annual inflows to the Karun-4 and Dez reservoirs and intermedi-
ate basin flow between Karun-4 and Karun-3 reservoirs, Karun-1 and Karun-3 reservoirs, 
Karun-1 and Godarland reservoirs, Godarland and Gotvand reservoirs, Big Shurdasht 
River, Dez Dam and Bande-Ghir are illustrated in Fig. 7.

The monthly water demand for different users in Dez, Karun North, and South Karun 
sub-basins is presented in Tables 3, 4, 5 (Iran Water and Power Resources Development 
Company 2010). In addition, inter-basin water transfer projects are another important 
component of Big Karun basin. These projects transfer a significant portion of water from 
Karun and Dez Rivers to meet demands of Central basin. The monthly water demand for 
inter-basin water transfer from Dez and Karun basins is presented in Tables 6 and  7 (Iran 
Water and Power Resources Development Company 2010).

In this study, SD approach is used to model the Karun River basin water resources sys-
tem. The model is constructed using information related to the dams, reservoirs, inter-basin 
water transfer projects, nodes of water withdrawal for drinking, agriculture, industry and 
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fish farming uses and the location of return flows and wastewater. Modeling of the Big 
Karun basin system was coded with Vensim DSS (5.9b). Then, the results of SD model 
are explained and discussed using a systematic performance assessment framework which 
reports and analyzes quantitative water stress, qualitative water stress, environmental water 
stress indexes, income from agriculture and industry nodes, relative water productivity of 
agricultural nodes, pressurized irrigation system cost, and water transfer income. To begin 
with, current governing conditions of system are evaluated; then, the best combination of 

Fig. 5   Schematic of Big Karun basin
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decision variables are selected by considering different decision variables (different inputs) 
and determination of indexes’ values for each set of decision variables (Table 8).

4 � Results and discussion

In this study, Big Karun basin system has been simulated using SD approach. Modeling 
of the Big Karun basin system was coded with Vensim DSS (5.9b). This system involves 
7 dams, 12 drinking and industrial users, 7 fish farming, 34 agricultural users, 5 existing 
inter-basin water transfer projects, and 7 under study/construction inter-basin water trans-
fer projects. The Big Karun basin system operation has been simulated for the period of 
1957–2013. This period is simulated as the status quo scenario. In addition to the current 
condition scenario, other scenarios are formed in which different under study/construction 
inter-basin water transfer projects, under study/construction agricultural expansion pro-
jects, and efficiency improvement in modern irrigation systems are tested. Different sce-
nario modes are presented in Table 9.

The results of the simulation model under different scenarios are analyzed for the drink-
ing, industry, agriculture, and fish farming user nodes. These results are then fed into the 
performance assessment framework to estimate different indexes, including quantita-
tive water stress, qualitative water stress, environmental water stress, income from each 

Fig. 6   Schematic of existing dams, inter-basin water transfer plans and type of users in each branch of river 
in Big Karun basin
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agriculture and industry nodes, relative water productivity of agricultural nodes, relative 
water productivity of agricultural and industry nodes, cost of pressurized irrigation systems 
in irrigation network nodes, and income from inter-basin water transfer. Clearly, the pres-
surized cost index and income from water transfer cannot be calculated for the status quo 
scenario. These two indexes are designed to analyze the future potential and under study/
construction inter-basin water transfer and implementation of modern irrigation systems 
projects.

Among numerous users and stakeholders in North Karun, Dez and South Karun River 
basins, results of performance indexes are shown for the outlet node (Darkhoin to Persian 
Gulf water rights) of Big Karun River (Figs. 8,9,10,11,12 and 13).

4.1 � QWSI analysis results

Figure 8 indicates that, under the status quo scenario and based on historical water rights 
of Darkhoin to Persian Gulf, agricultural demand was not fully provided most of the time. 
The amount of shortage is higher at the end of the operation period, which overlaps with 
the drought period. According to Fig. 8-S1-b, water stress index of Scenario 1 is ranked 
excellent only for 22 years and the ranking for the rest of period varies between good and 
fair. Under the full inter-basin transfer condition, water supply is ranked fair and for 1 year 
the ranking is bad. For Scenario 2, agricultural water rights of Darkhoin to Persian Gulf 
are met completely just for 2 years. Results indicate that implementation of under study/
construction agricultural development projects will have minimal effect on water stress 
index compared to the full transfer inter-basin water transfer projects. Accordingly, based 

Fig. 7   Average annual inflow at the entrance to the dams and basins
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on Fig. 8-S4, Big Karun basin does not have enough capacity for implementation of new 
development projects in the framework of water transfer and agricultural development pro-
jects. It is important to consider that operation of these projects, regardless of basin man-
agement aspects such as efficiency improvement, selling water to destination basin, causes 
severe shortage in meeting of Big Karun River end users’ demand. Although water supply 
for this node can be increased by implementing hedging rules for under study/construction 
inter-basin water transfer, water stress index is ranked fair in 46 years. In Scenario 5, condi-
tion is better compared to operation of under study/construction agricultural development 
projects (Scenario 3). If the inter-basin water transfer project (considering hedging rules) 
and agricultural development project (Scenario 6) are operated simultaneously, water stress 
index would be ranked worse (Fig. 8-S6). In Scenario 6, supplied demand will rank bad for 
less time steps (3 years) compared to the full transfer and agricultural development pro-
jects. As shown in Fig. 8-S7, implementing management alternatives to improve efficiency 

Table 8   Evaluated modes in each simulated scenarios of Big Karun basin

No. of 
sce-
nario

Mode or modes to be considered

1 Present condition
2 Considering full transfer of under study/operation IBWT
3 Considering agricultural development projects under study/construction
4 Considering full transfer of under study/construction IBWT and agricultural development projects 

study/construction
5 Considering hedging transfer of study/construction IBWT
6 Considering hedging transfer of study/construction IBWT and agricultural development plans 

study/construction
7 Considering hedging transfer of study/construction IBWT and various practices to improve the 

efficiency of modern irrigation networks
8 Considering hedging transfer of study/construction IBWT and various practices to improve the 

efficiency of modern irrigation networks and agricultural development projects study/construc-
tion

Table 9   Range of classification of different index in Karun basin

Class Ranking HWSI i,t QWSI i,t Q
′

WSI i,t EWSI i,t EcWSI i,t PWSI i,t

EC (mmhos/cm)

Domestic and 
industry

Agricultural

Excellent 1  >  = 9.15e-6 1  <  = 312 100–250 1 1 1
Good 2 7.63e-6–

9.15e-6
0.9–1 312–1560 250–750 0.9–1 0.9–1 0.8–1

Fair 3 6.10e-6–
7.63e-6

0.75–0.9 1560–3120 750–1500 0.8–0.9 0.7–0.9 0.6–0.8

Bad 4 4.56e-6–
6.10e-6

0.55–0.75 3120–4680 1500–2250 0.7–0.8 0.5–0.7 0.4–0.6

Poor 5  <  = 4.56e-6  < 0.55  > 4680  > 2250  < 0.7  < 0.5  < 0.4
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Fig. 8   a QWSI and b ranking of QWSI in Darkhoin to Persian Gulf agricultural node in Scenarios 1 to 8
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1 3

of upstream agricultural nodes causes not only transfer of hedging inter-basin water trans-
fer but also getting in rank first (excellent) for meeting demand in water right nodes of 
Darkhoin to Persian Gulf. In Scenario 7, the reliability of demand meeting for this node is 

Fig. 8   (continued)
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Fig. 9   a Q’WSI and b ranking of Q’WSI in Darkhoin to Persian Gulf agricultural node in Scenarios 1 to 8
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1 3

acceptable even with inter-basin water transfer operation. In this situation, system has this 
capacity to meet this node demand quantitatively even if agricultural upstream develop-
ment projects are operated (Scenario 8).

Fig. 9   (continued)
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Fig. 10   a EWSI and b ranking of EWSI in Darkhoin to Persian Gulf agricultural node in Scenarios 1 to 8
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Fig. 10   (continued)
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Fig. 11   a PWSI compared to other agricultural and b ranking of PWSI compared to other agricultural in 
Darkhoin to Persian Gulf agricultural node in Scenarios 1 to 6

Fig. 12   a PWSI compared to other agricultural and b ranking of PWSI compared to other agricultural in 
Darkhoin to Persian Gulf agricultural node in Scenarios 7 and 8

Fig. 13   a PWSI compared to industrial and b ranking of PWSI compared to industrial in Darkhoin to Per-
sian Gulf agricultural node in Scenarios 1 to 8
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4.2 � Q’WSI analysis results

Figure 9-S1 shows that the quality of withdrawal flow in Darkhoin to Persian Gulf water 
rights had poor quality and is always ranked fourth (bad) or fifth (poor) according to Wil-
cox diagrams. It is obvious that such a poor-quality will result in lower crop yield and 
increase of social dissatisfaction. The quality of withdrawal flow from Big Karun River 
Darkhoin to Persian Gulf water rights agricultural node will be decreased dramatically, if 
under study/construction inter-basin water transfer project is considered, which decreases 
crop yield and economic development (Scenario 2). On the other hand, rising trend of EC 
values is an important issue at the end of the operational period. Based on Fig. 9-S2-b, 
qualitative water stress index is ranked poor in 25 time-steps which emphasize on EC value 
greater than 2,250 micromho/cm. This condition is exacerbated under Scenario 3, which is 
under study/construction agricultural development projects scenario. As mentioned before, 
Big Karun basin does not offer adequate capacity of new inter-basin water transfer and 
agricultural development projects. In fact, development will not be possible neither based 
on quantitative analysis, nor by qualitative investigations (Fig.  9-S4). In Scenario 4, EC 
value of withdrawal flow is in a range of 1,843–13,300 micromho/cm, which is not proper 
for the crop production. Even hedging of inter-basin water transfer projects demands does 
not show dramatic impact on basin’s quality improvement at the end nodes. This trend will 
be worsening by adding agricultural development projects. As shown in Fig. 9-S7, imple-
menting structural and non-structural practices in order to improve irrigation efficiency at 
the irrigation networks nodes causes drop in ranking of the withdrawal flow for this node. 
In Scenario 7, frequency of poor ranking is reduced compared to the previous modes. The 
rank fifth has been observed only at the end of the operation period. In this scenario, EC 
value of withdrawal flow for the Darkhoin to Persian Gulf water rights node is ranging 
between 1,339 and 3,316 micromho/cm and the frequency of bad ranking is more than 
other rank. It should be noted that Scenario 7 part of pressurizing cost has been paid by 
water transfer profit. So, both Karun and Central basins have profited from water alloca-
tion revenue. Also, operation of agricultural development projects increases the system’s 
vulnerability (Scenario 8).

4.3 � EWSI analysis results

Figure 10-S1 shows that in 22 years during the operational period, environmental water 
stress index is ranked second (good), which indicates that water required for environmen-
tal needs has been used alternatively used to meet drinking, industry, and fish farming 
demands of upstream users. Rank 2 represents the situation when at least 90% of envi-
ronmental demand is supplied (based on Montana method). Figure 10-S2 shows that the 
downstream environmental demand has never been fully met and the environmental stress 
index is ranked third (Fair) 41 times under full transfer of inter-basin water transfer. In 
Scenario 2, the system is also ranked fourth (bad) in 4 years when 80% of environmental 
demand has been met. The second rank (good) also belongs to the agricultural development 
scenario (Scenario 3). If both full transfer of inter-basin water transfer and agricultural 
development (Scenario 4) are implemented at the same time, water provided for down-
stream environmental requirement would be decreased to meet demands of upstream users; 
consequently, incidents of ranking 4 (bad) will be increased under this scenario. Hedging 
of inter-basin water transfer projects results in improvement of environmental stress index 
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and improve its ranking from third (fair) to second (good). In Scenario 6, adding agricul-
tural development causes increase in frequency of its ranking (fair). Hedging of inter-basin 
water transfer projects and improved irrigation system efficiency (Scenario 7) results in 
better ranking, ranked second (good) and first (excellent) for environmental stress index.

4.4 � PWSI analysis results

Figures 11 and 12 show the water productivity index of Darkhoin to Persian Gulf water 
rights agricultural node, which is compared to the value of other agricultural nodes. Fig-
ures  11, 12 introduce current irrigation system (Scenarios 1–6) and improved irrigation 
system (Scenarios 7 and 8), respectively. Results indicate that the water productivity index 
value is estimated 0.6 and it is ranked as third, while there is no improvement in efficiency 
of upstream agricultural nodes. This index value and rank are 0.4 and 5, respectively, for 
efficiency improvement mode due to the increase in income under efficiency improvement 
modes in modern irrigation network. Improvement in modern irrigation network causes 
the increase in income. While the income from old water rights is fixed, water productivity 
index for these nodes will be ranked lower compared to the other agricultural nodes.

Based on Tables 2, 3 and 4, the agricultural users (demand nodes) are split into two sec-
tors, namely “historical water rights nodes” and “modern irrigation network”. The modern 
agricultural network is able to adjust the amounts of water to plants at needed intervals. 
Among the study nodes, the outlet of the system, which is part of the historical water rights 
nodes, is called Darkhoin to Persian Gulf agricultural node. Ahvaz to Darkhoin agricultural 
node is another example of nodes with historical water right.

In Fig. 13, water productivity of Darkhoin to Persian Gulf agricultural node is compared 
to the water productivity of industry nodes. Results indicate that water productivity of agri-
cultural nodes is less than industry nodes. In fact, it shows less income for agricultural 
nodes compared to the industry nodes for a unit of water use.

It should be noticed that since, in Iran, the income from consuming of one cubic meter 
of water in the agricultural sector is approximately 30 cents, it is assumed that 5 cents of 
each cubic meter transferred water will be allocated to the receiving basin. This procedure 
allocates evenly the water between the Karun basin as source basin and central basin as 
the destination basin. After calculating total income, receiving money for each irrigation 
network has been estimated based on their shares from total consumption of agricultural 
nodes.

4.5 � Performance criteria analysis results

In addition to mentioned indexes, system performance criteria, including reliability, resil-
ience and vulnerability, have been calculated and evaluated for North Karun, Dez and 
South Karun basins. Results are presented in Tables 10,11 and 12 (Bozorg-Haddad, 2014).

The results in Table  9 indicate that drinking, industry, and fish farming users are 
affected by none of the evaluated scenarios in North Karun. The same results are observed 
for Dez and South Karun. It can be due to the priorities in water demand. Because higher 
priority is given in order to the supply of drinking, industry, fish farming, environmental 
and agricultural demands. So, agricultural nodes are affected by different scenarios more 
than other nodes.

The presented results in Table 10 show that performance criteria of agricultural nodes 
are approximately constant among different scenarios in North Karun. So, different 
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scenarios have approximately similar quantity outcomes in agricultural nodes. The results 
also indicate that although the impact of different scenarios on Dez basin is more com-
pared to North Karun basin, the most variation and impacts can be seen in South Karun 
basin. This basin faces the most negative and positive impacts from Scenarios 4 and 7, 
respectively.

4.6 � Performance indexes zoning maps results

In order to provide a better picture of Big Karun basin, under different management 
options, zoning maps are formed for each scenario. Among the scenario maps, three maps 
are selected to be shown for Scenarios 1, 4 and 7.

In Fig. 14, the zoning map of water stress index is shown for different user nodes of 
Karun basin. It can be seen that in North Karun basin only Gargar water right agricultural 
node is faced water shortage. The system cannot also meet the whole required demand in 
Dez basin before the convolution with the middle basin flow. But water shortages are not 
severe in North Karun and Dez basins. After forming Big Karun River by joining Gargar, 
Shotayt and Dez Rivers, there is sufficient water resources for meeting users’ demand at 
the mouth of the South Karun basin (Bande-Ghir). But shortage is observed in Jafir agri-
cultural node (modern irrigation network) to downstream and severe shortage is observed 
in Ahvaz to Darkhoin agricultural node. Figure 14-b shows the aggregation of shortages 
in future development projects (Scenario 4). Based on Fig. 14-c, the reliability of meeting 
demand is acceptable for the Karun basin under integrated management scenario and by 
considering water is transferred to central basin. Figure 15-a shows that the water qual-
ity of Karun River is in average range in tributaries of Gargar and Shotayt Rivers and end 
sections of Dez River. It is obvious that the river has poor water quality in South Karun. 
Operation of all the future development projects would result in lower water quality. In 
Scenario 4, the withdrawal flow from all nodes, from Bande-Ghir to downstream, is ranked 
in poor class.

As mentioned before, in Scenario 7 Big Karun basin can be considered as a system 
where integrated water management plan is implemented. In order to establish a water 
allocation balance between numerous stakeholders, part of efficiency improvement costs 
is paid by income from water transfer. Zoning map of income distribution gained from 
hedging under study/construction inter-basin water transfer projects demand is illus-
trated in Fig.  16 for different modern irrigation network nodes. Results indicate that 
23%, 28%, and 37% of efficiency improvement cost for the irrigation network nodes in 
North Karun, Dez and South Karun basins, respectively, are paid from income gained 
by inter-basin water transfer.

In Fig. 17, zoning of cost distribution for the changes irrigation system is illustrated 
for modern irrigation networks in Big Karun basin. The comparison of required costs 
for irrigation systems and incomes from changing irrigation is shown in this Fig.  18, 
which indicates an increase and reduction in costs for starting nodes of Dez River and 
end nodes of Big Karun, respectively.

Finally, Fig. 16, which is a picture of zoning environmental water stress in different 
nodes of Big Karun basin, shows 20% of shortage in environmental demands in North 
and South Karun is expected, if the development continues based on current manage-
ment policies.
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4.7 � TOPSIS analysis results

Table 11 presents the results of the TOPSIS decision-making technique for selection of the 
best scenario in Big Karun basin. We assumed an equal weight for all indexes. Table 10 
shows that for all modern agricultural nodes (irrigation network), Scenarios 7 and 8 are 
selected as the superior scenarios. The reason can be found in the income increase from 
each network in terms of efficiency improvement. On the other hand, the results of TOPSIS 
method show the same results for the Scenarios 7 and 8 in North Karun basin, while in 
Scenario 8 the agricultural development projects have been added to the system, located 
in Dez and South Karun. It should be noted that results of Scenarios 1 to 6 are similar, 
and Scenario 4 has been selected as the worst option among modern irrigation network 
of North Karun. The same situation is observed for Dez River basin nodes. At the nodes, 
which are located before the nodes of first agricultural development project, Scenarios 7 
and 8 have been selected as the best options. But Scenario 7 will be the best option in 
Ajirub irrigation network to downstream and by adding Balarud and Shavur irrigation 
network projects. In Dez basin, the difference between rankings of different scenarios is 
negligible; this reflects the low impact of inter-basin water transfer and agricultural devel-
opment projects in North Karun and Dez basins. Scenarios 7 and 8 have equal ranks in 
South Karun’s North-East Ahvaz irrigation network, which is not affected by agricultural 
development projects. In downstream of North-East Ahvaz irrigation network, the situa-
tion is different because of adding South-East and South-West Ahvaz irrigation networks. 
It should be noted that in none of these nodes, system can meet the additional demand of 
inter-basin water transfer and agricultural development projects. Scenarios 1 and 3 are the 
best scenarios in terms of water right users in North Karun River. As mentioned before, no 
agricultural development project has been predicted for North Karun basin; so, Scenarios 1 
and 3 show the same results. The relative productivity index to agricultural nodes indicate 
that scenarios with efficiency improvement plans are not appropriate in water right agri-
cultural nodes (Figs. 9, 10). Income from modern irrigation networks is increased during 
system simulation and efficiency improvement, while the income from old water rights is 
fixed. So, lower values have allocated to water productivity in old water right compared to 
water productivity of other agricultural node index. The same situation is observed for the 
industry users because the water productivity index in each node is decreased compered 

Fig. 14   Zoning shortage of different user nodes in Big Karun basin in a Scenario 1, b Scenario 4, and c 
Scenario 7
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to agricultural nodes (in efficiency improvements and increase water productivity in mod-
ern agricultural nodes situations); so, for the industry nodes under efficiency improvement 
mode are selected as the worst-case scenario because of higher values of this index com-
pared to other indexes. In water right agricultural nodes of South Karun basin, Scenario 
4 is the worst option unlike water right agricultural nodes of North and Dez basins, in 
which Scenario 7 or 8 is the worst option (because of water productivity index). Because 
in water right agricultural nodes of South Karun, the quantitative water stress, qualitative 
water stress, environmental water stress indexes improve significantly that the impact of the 
water productivity index reduction will be negligible.

Fig. 15   Zoning the flow quality of different user nodes in Big Karun basin in a Scenario 1, b Scenario 4, 
and c Scenario 7

Fig. 16   Zoning of income distri-
bution from hedging inter-basin 
water transfer in modern irriga-
tion networks in Big Karun basin 
for Scenario 7
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5 � Concluding remarks

In the present study, the concept of integrated and sustainable management has been evalu-
ated for a large-scale system. In this regard, Big Karun basin was considered and evalu-
ated based on the SD approach. The SD model includes 6 dams, 5 inter-basin water trans-
fer, 7 under study/construction inter-basin water transfer, 12 drinking and industry users, 
7 fish farming users and 34 agriculture users. The environmental demand is also deter-
mined for each river based on Montana method. The SD model is able to simulate not 
only the flow quantity but also water quality at different nodes. The results are analyzed 
based on a multi-criteria performance assessment framework, including quantitative water 
stress index, qualitative water stress index, environmental water stress, income from each 
agriculture and industry nodes, water productivity in each agriculture node compared to 
other agriculture nodes, water productivity in each agriculture node compared to industry 

Fig. 17   Zoning of changing irri-
gation system cost distribution 
in modern irrigation networks in 
Big Karun basin for Scenario 7

Fig. 18   Zoning of environmental demand stress in different user nodes in Big Karun basin in a Scenario 1, 
b Scenario 4, and c Scenario 7
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nodes, cost of irrigation systems pressurizing in agriculture nodes (irrigation network) and 
income from water transfer to destination basins. Existing policies are simulated as status 
quo scenario, and future management alternatives formed seven more scenarios. To better 
understand the performance of different scenarios, each performance index was classified 
in the range of excellent (1) to poor (5) condition. In addition to the mentioned indexes, 
behavior of each scenario is analyzed based on statistical performance criteria, reliability, 
resiliency and vulnerability, and the best scenario was selected using TOPSIS method. The 
results indicate that in a large-scale system with many involved stakeholders and users, it 
is necessary to consider various internal and external factors such as the quality of water 
resources, downstream environmental demand, income and costs of changing irrigation 
systems in order to struck balance among different stakeholders in a basin and other basins. 
It is also suggested that these metrics should be join statistically using the joint-probability 
functions to address the simultaneous existence of these metrices into water system perfor-
mance index (Goharian, Burian, et al., 2018; Goharian, Zahmatkesh, et al., 2018). Accord-
ing to the results, although the impact of future development projects operation is negligi-
ble on upstream stakeholders and users, sustainability of system especially in downstream 
requires implementation of integrated and sustainable management actions in all sectors. 
If current policies continue, system cannot meet the future demand of developing projects. 
Even full capacity inter-basin water transfer will result in reduction hydropower generation 
and reliability of water supply in the basin. The results also indicated that there will be a 
water allocation balance among source basin stakeholders and stakeholders at the source 
and destination basins through selling a portion of upstream inflow to destination basins, 
institution water tariffs and paying part of changing irrigation systems costs in destination 
basin.

Acknowledgement  The authors thank Iran’s National Science Foundation (INSF) for its support of this 
research and Mahab Ghodss consulting engineering company for its assistance.

Data availability  All of the required data have been presented in our article.

Declaration 

Conflict of interests  There are no conflicts of interest.

References

Ahmad, S., & Prashar, D. (2010). Evaluating municipal water conservation policies using a dynamic simu-
lation model. Water Resources Management, 24, 3371–3395.

Akbari-Alashti, H., Bozorg-Haddad, O., Fallah-Mehdipour, E., & Mariño, M. A. (2014). Multi-reservoir 
real-time operation rules: a new genetic programming approach. Proceedings of the Institution of Civil 
Engineers: Water Management, 167(10), 561–576. https://​doi.​org/​10.​1680/​wama.​13.​00021.

Alizadeh, A. (2010). “Applied hydrology.” Imam Reza University Press. (29th ed.). Mashhad.
Asheghmoala, M. (2015). “Simulation water quality in river with QUAL2KW model”. Talab press. (1st ed.). 

Tehran.
Badiei, S. P. (2015). Studying the solutions to salinity of Gotvand dam and choosing the best solution. . 

University of Tehran.
Berger, T., Birner, R., McCarthy, N., DíAz, J., & Wittmer, H. (2007). Capturing the complexity of water 

uses and water users within a multi-agent framework. Water Resources Management, 21(1), 129–148.
Bozorg-Haddad, O. (2014). “Optimization of water resources systems.” Tehran University Press. (1st ed.). 

Tehran.

https://doi.org/10.1680/wama.13.00021


16281Developing a sustainability assessment framework for integrated…

1 3

Bozorg-Haddad, O., Moradi-Jalal, M., Mirmomeni, M., Kholghi, M. K. H., & Mariño, M. A. (2009). Opti-
mal cultivation rules in multi-crop irrigation areas. Irrigation and Drainage, 58(1), 38–49. https://​doi.​
org/​10.​1002/​ird.​381.

Chu, J., Wang, C., Chen, J., & Wang, H. (2009). Agent-based residential water use behavior simula-
tion and policy implications: a case-study in Beijing City. Water Resources Management, 23(15), 
3267–3295.

Falkenmark, M. (1989). The massive water scarcity now threatening Africa: why isn’t it being 
addressed? Ambio, 18(2), 112–118.

Forrester, J. W. (1958). Industtrial dynamics: a major breakthrough for decision makers. Harvard Busi-
ness Review, 36(4), 37–66.

Galán, J. M., López-Paredes, A., & Del Olmo, R. (2009). An agent-based model for domestic water 
management in Valladolid metropolitan area. Water Resources Research, 45(5), 1–17.

Gastélum, J. R., Valdés, J. B., & Stewart, S. (2010). A system dynamics model to evaluate temporary 
water transfers in the Mexican Conchos Basin. Water Resources Management, 24(7), 1285–1311.

Giuliani, M., & Castelletti, A. (2013). Assessing the value of cooperation and information exchange 
in large water resources systems by agent-based optimization. Water Resources Research, 49(7), 
3912–3926.

Goharian, E., Burian, S. J., Bardsley, T., & Strong, C. (2016). Incorporating potential severity into vul-
nerability assessment of water supply systems under climate change conditions. Journal of Water 
Resources Planning and Management, 142(2), 04015051.

Goharian, E., Burian, S. J., & Karamouz, M. (2018b). Using joint probability distribution of reliability 
and vulnerability to develop a water system performance index. Journal of Water Resources Plan-
ning and Management, 144(2), 04017081.

Goharian, E., Burian, S. J., Lillywhite, J., & Hile, R. (2017). Vulnerability assessment to support 
integrated water resources management of metropolitan water supply systems. Journal of Water 
Resources Planning and Management, 143(3), 04016080.

Goharian, E., Zahmatkesh, Z., & Sandoval-Solis, S. (2018a). Uncertainty propagation of hydrologic 
modeling in water supply system performance: application of Markov Chain Monte Carlo method. 
Journal of Hydrologic Engineering, 23(5), 04018013.

Hellström, D., Jeppsson, U., & Kärrman, E. (2000). A framework for systems analysis of sustainable 
urban water management. Environmental impact assessment review, 20(3), 311–321.

Iran Water and Power Resources Development Company. (2010). “System Studies of Dez and Karoun 
basins, Report on demands and supplies.” First edition, Ministry of Power, Iran.

Karamouz, M., Goharian, E., and Nazif, S. (2012). “Development of a reliability based dynamic model 
of urban water supply system: A case study.” In Proceedings of the World Environmental and Water 
Resources Congress, Albuquerque, NM, USA, 20–24.

Karamouz, M., Goharian, E., & Nazif, S. (2013). Reliability assessment of the water supply systems 
under uncertain future extreme climate conditions. Earth Interactions, 17(20), 1–27.

Kerachian, R., Fallahnia, M., Bazargan-Lari, M. R., Mansoori, A., & Sedghi, H. (2010). A fuzzy game 
theoretic approach for groundwater resources management: application of rubinstein bargaining 
theory. Resources, Conservation and Recycling, 54, 673–682.

Lai, E., Lundie, S., & Ashbolt, N. J. (2008). Review of multi-criteria decision aid for integrated sustain-
ability assessment of urban water systems. Urban water journal, 5(4), 315–327.

Loucks, D. P. (2000). Sustainable water resources management. Water international, 25(1), 3–10.
Madani, K. (2014). Water management in Iran: what is causing the looming crisis? Journal of environ-

mental studies and sciences, 4(4), 315–328.
Mahjouri, N., & Ardestani, M. (2011). Application of cooperative and non-cooperative games in large-

scale water quantity and quality management: a case study. Environmental Monitoring and Assess-
ment, 172, 157–169.

Nikolic, V. V., Simonovic, S. P., & Milicevic, D. B. (2013). Analytical support for integrated water 
resources management: a new method for addressing spatial and temporal variability. Water 
Resources Management, 27, 401–417.

Nouiri, I. (2014). Multi-objective tool to optimize the water resources management using genetic algo-
rithm and the Pareto optimality concept. Water Resources Management, 28, 2885–2901.

Orth, D. J., & Maughan, O. E. (1981). Evaluation of the Montana Method for recommending instream 
flows in Oklahoma streams. Proc. Oklahoma Acad. Sci., 61, 62–66.

Rehan, R., Knight, M. A., Unger, A. J. A., & Haas, C. T. (2013). Development of a system dynamics 
model for financially sustainable management of municipal watermain networks. Water Research, 
47(20), 7184–7205.

https://doi.org/10.1002/ird.381
https://doi.org/10.1002/ird.381


16282	 M. Abdi‑Dehkordi et al.

1 3

Rieker, J. D., & Labadie, J. W. (2012). An intelligent agent for optimal river-reservoir system manage-
ment. Water Resources Research, 48(9), 1–16.

Salazar, R., Szidarovszky, F., & Rojano, A. (2010). Water distribution scenarios in the Mexican Valley. 
Water Resources Management, 24, 2959–2970.

Shirangi, E., Kerachian, R., & Bajestan, M. (2008). A simplified model for reservoir operation considering 
the water quality issues: application of the Young conflict resolution theory. Environmental Monitoring 
and Assessment, 146, 77–89.

Sivapalan, M., Konar, M., Srinivasan, V., Chhatre, A., Wutich, A., Scott, C. A., & Rodríguez-Iturbe, I. 
(2014). Sociol hydrology: Use-inspired water sustainability science for the Anthropocene. Earth’s 
Future, 2(4), 225–230.

Wang, X. J., Zhang, J. Y., Wang, J. H., He, R. M., Elmahdi, A., Liu, J. H., Wang, X. G., David, K., & Sham-
suddin, S. (2014). Climate change and water resources management in Tuwei river basin of Northwest 
China. Mitigation and Adaptation Strategies for Global Change, 19(1), 107–120.

Winz, I., Brierley, G., & Trowsdale, S. (2009). The use of system dynamics simulation in water resources 
management. Water Resources Management, 23, 1301–1323.

Yang, Y. C. E., Cai, X., & Stipanovic´, D.M. . (2009). A decentralized optimization algorithm for multiagent 
system-based watershed management. Water Resources Research, 45(8), 1–18.

Yuan, X. C., Wei, Y. M., Pan, S. Y., & Jin, J. L. (2014). Urban household water demand in Beijing by 2020: 
an agent-based model. Water Resources Management, 28, 2967–2980.

Zarghami, M., & Akbariyeh, S. (2012). System dynamics modeling for complex urban water systems: 
Application to the city of Tabriz, Iran. Resources, Conservation and Recycling, 60, 99–106.

Zhang, X. H., Zhang, H. W., Chen, B., Chen, G. Q., & Zhao, X. H. (2008). Water resources planning based 
on complex system dynamics: a case study of Tianjin city. Communications in Nonlinear Science 
Numerical Simulation, 13(10), 2328–2336.

Zhou, Y., Guo, S., Xu, C. Y., Liu, D., Chen, L., & Wang, D. (2015b). Integrated optimal allocation model 
for complex adaptive system of water resources management (II): Case study. Journal of Hydrology, 
531, 977–991.

Zhou, Y., Guo, S., Xu, C. Y., Liu, D., Chen, L., & Ye, Y. (2015a). Integrated optimal allocation model for 
complex adaptive system of water resources management (I): Methodologies. Journal of Hydrology, 
531, 964–976.

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Authors and Affiliations

Mehri Abdi‑Dehkordi1 · Omid Bozorg‑Haddad2   · Abdolrahim Salavitabar3 · 
Erfan Goharian4

	 Mehri Abdi‑Dehkordi 
	 Abdi.Dehkordi@ut.ac.ir

	 Abdolrahim Salavitabar 
	 A.Salavitabar@gmail.com

	 Erfan Goharian 
	 Goharian@cec.sc.edu

1	 Faculty of Agricultural Engineering and Technology, Department of Irrigation and Reclamation, 
College of Agriculture and Natural Resources, University of Tehran, Karaj, Tehran, Iran

2	 Faculty of Agricultural Engineering and Technology, Department. of Irrigation and Reclamation, 
College of Agriculture and Natural Resources, University of Tehran, Karaj, Tehran, Iran

3	 Mahab Ghodss Consulting Engineering Company, Tehran, Iran
4	 Civil and Environmental Engineering, College of Engineering and Computing, University of South 

Carolina, 300 Main St. Room C113B, Columbia, SC 29208, US

http://orcid.org/0000-0001-6607-9581

	Developing a sustainability assessment framework for integrated management of water resources systems using distributed zoning and system dynamics approaches
	Abstract
	1 Introduction
	2 Material and methods
	2.1 Development of sub-systems simulation based on SD approach
	2.2 Performance assessment
	2.3 Methodology

	3 The case study and data set
	3.1 Case study
	3.2 Data set

	4 Results and discussion
	4.1 QWSI analysis results
	4.2 Q’WSI analysis results
	4.3 EWSI analysis results
	4.4 PWSI analysis results
	4.5 Performance criteria analysis results
	4.6 Performance indexes zoning maps results
	4.7 TOPSIS analysis results

	5 Concluding remarks
	Acknowledgement 
	References




