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Abstract: Water is vital and an essential entity directly and indirectly for all living creatures from
their birth, whereas electrical energy has a dominant role in the growth of society in general and for
human beings in particular. Optimal use of water and production of electrical energy at minimum
cost are potential research challenges. Hydraulic energy is one of the cheapest and the most exploited
renewable energy resource for power generation worldwide, and is in line with the seventh United
Nations Sustainable Development Goal (SDG 7). The Indus basin is a trans-boundary basin, and its
modeling has been a source of interest for scientists and policymakers. Indus Basin Model Revised
(IBMR) has many variants, all focusing on optimal use of water for irrigation purposes. In this paper,
the modified IBMR model is proposed addressing both agriculture and power generation aspects
simultaneously. This model optimizes the Consumer Producer Surplus (CPS) by considering different
water inflow probabilities. A parameter has been introduced in the modified objective function to
manipulate the supply of water to agriculture and hydropower generation. The proposed model
has been implemented in Generic Algebraic Modeling System (GAMS) and case studies have been
investigated in presence and absence of power generation. The results obtained show that, with
incorporation of hydropower, basin wide income is increased up to 11.83% using 50% exceedance
probability, and results are in agreement with reference power generation estimated by National
Transmission and Dispatch Company (NTDC). The SDG 7 targets ensure the reasonable, dependable,
sustainable and contemporary energy access to all. The current research is focusing on how Pakistan
would achieve the SDG 7 targets. By 2040, it is anticipated that Pakistan’s energy mix will have
around 40% of hydropower and 16% of renewable energy.

Keywords: IBMR; GAMS; hydro-electric power; Indus basin; Million Acre Feet (MAF); Integrated
Water Resources Management (IWRM)

1. Introduction

The world has seen a surge in the construction of hydropower dams in recent decades.
At least 3700 big dams, each with an installed hydroelectric capacity of more than 1 MW, are
now planned or under construction, mostly in developing nations. For example, 8507 dams
are planned in Europe, with 278 now under construction, primarily in the Balkans [1].
Because of its high altitudes in the upper Indus region and abundant water, the Indus basin
has a large hydropower potential to be developed. It is extremely difficult to use water
efficiently because the region continues to face one of the world’s most significant water
management challenges of water storage infrastructure, or inefficient water use as a result
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of water losses in obsolete irrigation systems [2]. Nearly 2000 TWh of theoretical potential
available annually in the upper Indus can be deceiving because the vast majority of it is
technically and economically unviable. When we account for the various sustainability
constraints that vary spatially, the potential becomes even lower [3]. The Indus basin is
a trans-boundary and the most vulnerable basin shared by Pakistan, India, Afghanistan
and China, causing considerable hydro-political tensions [4]. Integrated approaches are
required to achieve Sustainable Development Goals (SDGs) for water, energy and food
requirements for the Indus basin [5]. The global warming in the region is also a big threat
towards water and food security. The upper Indus basin exhibits that the global pace of
warming as the region is expected to reach the 1.5 °C and 2.0 °C thresholds almost a decade
earlier than the corresponding warming at the global scale [6].

Indus basin is a trans-boundary basin unique composition. Its total area is about
1,120,000 km2, which constitutes about 54% of the Southeast Asia. It runs through four
countries Pakistan, India, China and Afghanistan with an area of 520,000, 440,000, 88,000
and 72,000 km2, respectively. Pakistan and India are using 60% and 25% water of the Indus
basin, respectively [7]. In order to use this water judiciously, both countries signed “The
Indus Waster Treaty” in 1960 [8]. Under this treaty, India gained control of the Beas, Ravi,
and Sutlej rivers, while Pakistan gained control of the Indus, Chenab, and Jhelum rivers.
The water distribution amongst provinces in Pakistan is according to Provincial Water
Accord 1991 [9]. In Pakistan, there is a broad agribusiness and water system framework,
alluded to as the Indus Basin Irrigation System (IBIS). This is the biggest bordering water
system framework on the planet. The normal yearly stream of the Indus bowl is around
146 MAF. It has two noteworthy capacity repositories, specifically Mangla and Tarbela.
It consists of 19 barrages, 12 interface canals, and 45 noteworthy canal commands. The
aggregate length of canals is around 60,000 km and around 120,000 watercourses to irrigate
farms. It inundates 16.2 million hectare and contributes about 25% of Gross Domestic
Product (GDP). It wins about 70% of the export income and utilizes 50% of the workforce
straightforwardly and another 20% in a roundabout way [10].

The study of the Indus Basin of Pakistan carries a long legacy of planning and research.
In order to manage the Indus Basin River System (IBRS), the work on the Indus Basin
Model started in 1976 by the World Bank and the Water and Power Development Authority
(WAPDA) jointly with a view to address the water dependent economy of Pakistan. The
preliminary work on Indus Basin Model by Johannes Bisschop et al. [11] proposed a
high level Indus Basin Model based on linear programming. The goal was to maximize
the overall basin income aggregating the individual fifty-three polygons income using
multi-level programming [12]. Instead of presenting mathematical details of IBMR, the
author focused on the multi-decision-making aspect of model and posed it as a hierarchical
decision-making problem.

The work on the Indus Basin Model (IBM) started by O’Mara et al. [13]. This paper
comprehensively describes the Indus Basin Model (IBM) family, structure, model validation
and simulation results to access the conjunctive use in the Indus irrigation system for
alternative policies (Figure 1). Alexander Meeraus and Masood Ahmad launched an
Agricultural Impact Study (AIS) [14] in September 1985 to assess the impact of the Kalabagh
Dam on Pakistan’s Agriculture sector and the first draft of the report was completed in
July 1986. In this report, the Indus Basin Model using linear programming was used with
computer implementation in the FORTRAN language to run on a main frame computer
environment. This first version focused on farm level water distribution, and income
assessment. Later on, all other versions were developed in GAMS [10,15] and used for
the management of water resources distribution in different polygons, crops production,
demand and supply of provinces, livestock, etc. The subsequent refined version is called
the Indus Basin Model Revised (IBMR), jointly developed WAPDA of Pakistan and World
Bank Development Research Center for Water [16]. In IBMR, the mathematical complexities
were simplified by reducing the number of equations, constraints, and, at the same time,
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replacing polygons into Agro Climatic Zones (ACZ). The whole country has been divided
into 12 ACZ zones 5 in Punjab, 4 in Sindh, 2 in Khyper Pakhtunkhwa and 1 in Baluchistan.

Figure 1. The Indus Basin of Pakistan [17].

The Indus Water System can be categorized in three eras, namely Pre Indus Water
Treaty (1947–1960) period; Post Indus Water Treaty (1960–1975); and the Management era
(1975–2000). It describes a half century perspective on management of the Indus basin
focusing crisis planning, multi strategies planning to achieve governance goals, plantation
at multiple topographical levels for water management, regional water management to
variation patterns and scientific planning to explore alternatives [18]. The Indus River
System Model (IRSM) was developed in parallel to the Indus Basin Model and is used as a
planning tool for water management options in Pakistan. This model is discussed in the
report published in 14 August 2018 and jointly prepared by the Commonwealth Scientific
and Industrial Research Organization (CSIRO) Australia and the Sustainable Development
Policy Institute (SDPI) Pakistan. The project was funded by the Australian Government
and supported by the Government of Pakistan. The main purpose of the project was to
build capacity and knowledge management in water resources management with the prime
focus on Integrated Water Resources Management [19].

1.1. The Indus Basin and Hydro-Electric Power

Indus River also plays an important role in hydropower generation of Pakistan. The
total existing installed power capacity by all means as of March 2017 was about 29,945 MW,
thermal being the largest share (68.4% of capacity), hydro stands at second position (23.8%),
renewable about 4.1%, and a small share of nuclear power plants approximately 3.6% [20].
The generated power at any specific time is considerably underneath the available gener-
ation capacity and shows up at its trough all through the winter when low water levels
decline the hydropower yield. Pakistan has a huge hydropower potential of 60,000 MW
and currently only about 8300 MW of power is being generated as per Energy Book of
2018. Therefore, there is a considerable room for expansion in the area. According to
Pakistan’s 2040 indicative generation mix, hydropower would take the largest share of
about 40% of total generation [21]. The results obtained from research reflect that, by 2040,
the share of renewable and hydropower is expected to be about 16% and 40% of the total
generation mix of Pakistan, respectively. To increase reliance on wind and solar energy, the
government started the Jhimpir wind station in Karachi and Quaid-e-Azam Solar Park,
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in Bahawalpur [22,23]. Tarbela and the Mangla are the two major hydroelectric power
stations using water spared from agriculture needs. These power stations coordinate with
thermal generations for minimum cost of production of electrical energy subject to the
satisfaction of constraints.

The prosperity index of a country is gauged by its per capita energy consumption.
The world’s average per capita energy consumption is about 2516 kWh, which is six times
higher than Pakistan’s consumption. In 2008, the reported shortfall was 4500 MW, which
is 40% of the demand. The reason behind this gap is depletion of local reserves of oil
and gas. The country has a huge estimated potential of 42 GW hydropower, out of which
only 6.5 GW has been exploited so far [24]. The period of 1975–2010 exhibits a log-linear
relationship between electricity production and economic growth. On the basis of a lot
of research in the power sector, Pakistan has a huge potential for hydropower. Based
on this fact, hydropower plants are beneficial for two reasons. First, they produce clean
energy. Second, the production cost would also decrease, resulting in lower tariff rates [25].
Pakistan has a unique natural resources distribution as compared to developed countries.
These resources include solar energy, wind energy, coal and hydropower [26–29].

The IBMR purely deals with optimal utilization of water for irrigation needs only.
However, it cannot handle the optimal use of water for both agriculture and power genera-
tion requirements. This paper presents a hybrid IBMR model addressing optimal utilization
of water for both agriculture and power generation needs. The philosophy of this model is
that it maximizes the CPS considering the exceedance probabilities for inflows subject to
the satisfaction of constraints. The objective function has been modified by incorporating
control parameter alpha α and integrating the energy cost of hydropower generation. The
proposed model is implemented in GAMS and has been tested for scenarios with and
without hydropower generation. The rest of the paper is organized as follows: Section 2
covers the literature. Section 3 is dedicated to the system modeling. Section 4 explains
methodology. Section 5 elaborates the case studies, economic analysis of the proposed sys-
tem and related discussions. Section 6 concludes the study and finally Section 7 discusses a
few ideas for future work.

1.2. Contributions

The summary of main contributions to the paper is given below:

1. The main objective function of the IBMR is modified and the impact of hydropower
generation is incorporated in CPS calculation.

2. A control parameter α has been introduced to control the water allocation for agricul-
ture and power sector.

3. Mapping of the proposed model in GAMS to run on Dell Latitude Core i7 laptop
with 7820HQ 2.9 GHz processor and 16 GB of RAM in order to obtain results: CPS
calculation and optimized energy generation mix for year 2040 and yearly energy
generation up to 2040.

2. Literature Review

River basins are the planet’s hydrological units, and they play a crucial role in the
planet’s natural functioning. These are the backbone of agriculture and have a lion share
towards economy. There are 263 river basins in the world ranging from small, medium to
large [30]. Lakshmi et al. [31] discussed the 10 major basins namely Amazon, California,
Colorado, Congo, Danube, Ganga Brahmaputa, Mekong, Mississippi, Murray–Darling,
Nile and Yangtze in the context of precipitation, vegetation, evapotranspiration, total
water, soil moisture and runoff with reference to their variations and impacts on the basins
economy. The basin model is used to represent the relevant processes in a river basin,
predicts the behavior of the basin under different circumstances or management scenarios
and helps decision-makers to make rational water allocation among various users and
sectors. The key issues for river basins users include water resources allocation, maintaining
water quality, and rapidly growing demand [32,33].
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Dhaubanjar et al. [34] provides the first theoretical framework that can assess the
sustainable hydropower potential of the Indus basin. The selection of the Indus basin for
this study is due to its high theoretical potential that combines with transboundary water
issues, socio economic challenges, landscape vulnerability and high-water demand. For
this study, hydropower potential is classified into four main classes, which is theoretical
potential, technical potential, economic potential and sustainable exploitable potential
(sustainably achievable potential that links hydropower with other SDGs). This framework
is developed based on three main factors. Firstly, it incorporates the tools related to the
hydropower development and associated SDGs that are available in the literature. Secondly,
it incorporates local consideration of hydropower design. Thirdly, it includes thirty novel
datasets to parameterize real world constraints like natural, legal, disaster and social
constraints into mathematical models. This framework evaluates the hydropower potential
at a basin scale considering two runs of river hydropower configurations. It is useful in
combining the SDG 7 (energy) with S (food and water).

Hairaan et al. [35] conducted a detailed critical review of the literature related to
the basin of some important rivers of southeast Asia. This study assesses the current
status of environmental flow and river sustainability of Mekong River, Brahmaputra River,
Citarum River and Muda River. The data are extracted from the literature related to the
river hydrology, water quality, river alteration and restoration variables, which are then
correlated for the assessment. Based on this study, it is concluded that, due to unsustainable
utilization of the resources, stream flow of rivers is degrading with respect to both quantity
and quality. Therefore, environmental flow assessment is a demanding approach of the
time to attain river sustainability.

Shirast et al. [36] studied the effect of ten climate change scenarios on water availability
and hydropower production of two contrasting small hydropower plants (SHP) in the upper
Beas basin in the 21st century. The WEAP (Water Evaluation and Planning) model is used
to combine cryosphere hydrology and hydropower production for this study. Simulated
streamflow shows a complex relationship between hydrological response and future climate
with uncertainties. The study shows that large flow hydropower plants are more sensitive
to climate change than SHPs, and these have low flow and large heads. The assessment
of glacio- hydrological changes and their impact on the power production using this
framework is helpful in the planning of SHPs in the Himalayan region. Grover et al. [37]
studied the impact of temperature and precipitation on hydrological factors that include
discharge, ice melt, snow contribution and seasonal discharge in the high altitude scarcely
gauged Chenab basin. The impact of major climatic variables on hydrological processes
are quantified using biased corrected GCM (General Circulation Models) coupled with
the HBV hydrological model for Chenab River. The study shows that climate change
factors under RCP 8.5 and RCP 4.5 will increase the discharge throughout the century. A
shift in annual discharge pattern is also observed. Furthermore, temperature increase will
enhance snow meltdown, which would result in further increase of the flow of Chenab
River. This whole scenario would affect basin water management, irrigation, storage and
hydropower plants.

The Water Resources Management in South Asia is important with reference to present
and future scenarios. Some important facts related to regional per capita water availability,
population growth vs. per capita water availability, decreasing live storage capacity of
reservoirs and province wise soil salinity status have been discussed. Mathematical Mod-
eling of the Upper-Indus Glaciers and governing equation are discussed [38]. Pakistan’s
water profile has shifted dramatically, from one of abundance to one of scarcity. Per capita
water availability decreased from 2172 m3 per tenant to 1306 m3 per occupant between
1990 and 2015. Pakistan takes out 74.3% of its freshwater yearly, subsequently applying
gigantic weight on inexhaustible water resources [39].

Assessments of global water bargains recommend that riparian states are not paying
attention to the counsel to receive Integrated Water Resources Management (IWRM).
Speculations propose that the bigger the quantity of arranging states, the lower the expense
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(per condition) of the joint activity of arrangements, yet the higher the exchange expenses of
arranging and looking after them. The model exchanges between advantages and expenses
related to the quantity of bargain signatories and apply it to a worldwide settlement
informational index. Discoveries affirm that the exchange expenses of arrangement and
the economies of scale are significant in deciding the scarcity of bowl wide understandings,
the bargains’ substance, and their degree [40].

“Pakistan’s Water Economy: Running Dry”, a notable study [41] by the World Bank
received global attention on the Indus Basin Water Resources issues. In the recent past,
the WAPDA and the World Bank analyzed to update the IBMR with reference to climate
change impact on the Indus Basin. In [42], Yang et al. analyze the impact of climate change
in the Indus Basin. The author studied the impact of climate changes in the basin. They
also worked on Indus Basin Model Revision after 1992, and the revised version is known as
Indus Basin Model Revised 2012 (IBMR-2012). IBMR-2012 was used to explore the impact
of climate change for food security and water allocation in the Indus Basin. Hydro-climatic
parameters’ sensitivity analysis for the provinces showed that Punjab would be impacted
with the least climate change in the future, whereas Sindh would suffer the most. According
to the World Bank’s 2020–2021 report, Pakistan may face a severe food shortage in the near
future. The water shortage will increase to 32% by 2025, resulting in a food deficiency of
nearly 70 million tonnes [43].

In 2015, the UN conceived the 2030 Agenda for Sustainable Development Goals [44].
The government of Pakistan adopted Sustainable Development Goals (SDGs) through
National Assembly Resolution in 2016 and became the first country in the world to do
so. The national and provincial assemblies of the country formed specific task forces for
implantation of SDGs. These steps are the reflection of national commitment to the SDGs.
The national commitment to these priorities favors the 2030 Agenda. Pakistan is a fortunate
country having 60,000 MW potential sites for hydropower generation. Tarbela and the
Mangla are the two major hydroelectric power stations using water spared from agriculture
needs. These power stations coordinate with thermal generations for the minimum cost of
production of electrical energy subject to the satisfaction of constraints.

Pakistan wants to reduce its reliance on imported resources over the next five years. To
direct the sector towards sustainability, it will steadily and significantly increase the share of
indigenous, renewable resources in the nation’s energy generation mix. A newly developed
road map for a competitive power market will also be introduced. The Punjab government
has planned to solarize 20,000 campuses, with an emphasis on rural areas. Solar panels
will be installed in 10,800 schools in South Punjab as part of the first step of the “Ujala”
initiative. The ‘energy benchmarking’ of public buildings is currently underway, with the
goal of facilitating energy conservation, solar energy conversion, and energy efficiency
improvements. The Sustainable Energy for All (SE4All) initiative aims to provide universal
access to energy, while doubling the pace of energy quality change and increasing the share
of renewable energy in the generation mix. Through the consultative process, a related
National Action Plan 2018–2030 was finalized and released in 2019 [45].

3. System Modeling

IBMR is an hydro economic model jointly developed by the World Bank and WAPDA.
It has many inputs and outputs related to water distribution and agricultural yields. The
main objective function of IBMR is Consumer Producer Surplus (CPS), which is an indicator
of basin-wide income. The Model is implemented in GAMS language and based upon the
GRG optimization method. In this paper, we have used nonlinear demand and supply
for IBMR. The objective function of IBMR-2012 does not account for the hydropower
contribution in CPS. In the current paper, hydropower contribution is also incorporated
in CPS calculation. A control parameter α has been introduced in the newly proposed
objective function to control the multi-sectoral water distribution.

The operational conceptual model of IBMR is shown in Figure 2 indicating the standard
inputs/outputs.



Water 2022, 14, 702 7 of 20

 

Inputs

•Agronomic data

•Economic data

•Live stokes data

•Resource inventory

•Irrigation system data

•Water inputs

•Misc. data

IBMR-2020

•Agriculture

•Power Generation

Outputs

•Basin wide income

•Resource utilization

•Water distribution

•Crops and livestock

•Hydropower 
generation

Figure 2. Conceptual model of IBMR.

3.1. Objective Function

The Consumer Producer Surplus (CPS) [42] calculates the basin-wide income in the
following way:

CPS = ∑ Price ∗ Production + ∑ WaterValue +

∑ Export − ∑ Cost − ∑ Import

−Slackvariables (1)

In the objective function, the Slackvariables reflect a penalty for not having enough
water in the network flow model or not having enough produce to meet on-farm con-
sumption. In actuality, there is an insufficient supply of irrigation water, output does not
necessarily halt. As a result, this variable prevents infeasibilities under low-flow condi-
tions and imposes constraints.This also implies that the objective value may not accurately
reflect the true basin-wide net economic profits that would be observed in the event of a
water shortage.

The newly proposed objective function includes energy costs that are given below:

CPS = ∑ Price ∗ Production + ∑ WaterValue +

∑ Export + ∑ UnitPrice ∗ EnergyProduced

−∑ Cost − ∑ Import

−Slackvariables (2)

This newly proposed objective function includes energy costs, and the control parame-
ter is given below:

CPS = α(∑
Z

∑
G

∑
C

Pricez,c ∗ ProductionZ,G,C

+∑
M

∑
N

WaterValueM,N + ∑
Z

∑
C

ExportZ,C)

+(1 − α)∑
M

∑
N

UnitPrice ∗ EnergyProducedM,N

−∑
Z

∑
G

CostZ,G − ∑
Z

∑
C

ImportZ,C

−Slackvariables (3)

where Z is the Agro Climatic Zone (ACZ) index, G is the groundwater type index, C is the
crop index, M is the month index, and N is the node or reservoir index. The control α is a
control parameter, and it varies from 0 to 1. Zero means all water is utilized for hydropower
generation, whereas one shows that all water is allocated for agricultural purposes.

3.2. Cost Function

The basin wide cost [42] includes the cost of seed, tube well operating cost, fertilizer
cost, protein cost, labor cost and misc costs, and it is given by:
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CostZ,G = MiscctZ,C,S,M + SeedPZ,C,S,M

+TWZ,C,S,M + ∑
Z

∑
C

∑
S

∑
W
(FertZ,C,S,M +

TractorZ,C,S,M) + ∑
Z

∑
G

∑
A

AnimalZ,G,A +

∑
Z

∑
SEA

PPZ,SEA + ∑
Z

∑
G

∑
M

LaborZ,G,M (4)

where SEA is the season index (rabi and kharif). W is the water application index (for
example, standard, mild, or high stress, where stress application uses less water and labor
and yields less production). S is the cropping sequence index (e.g., standard, late, or
early planting).

3.3. Hydro Electric Power Generation

Power generation is calculated by using the potential energy of stored water in reser-
voir, and it is given by [46]:

P =
Q ∗ ρ ∗ H ∗ η ∗ g

1000
(5)

where
P—the generated power in kVA
Q—water flow rate (m3/s)
ρ—water density (kg/m3)
H—height of waterfall (m)
η—the efficiency ratio (usually between 0.7 and 0.9)
g—acceleration due to gravity (m/s2)

The maximum available energy generated within 24 h in (GWh) is given using the
following formula:

E = 24 ∗ P(kW)

1000 ∗ 1000
(6)

3.4. Major Constraints and Limitations

Although all the equations and constraints of IBMR are very large in number and not
possible to mention here, few important constraints are given below:

Flow(i, j, t) < Capacity(i, j, t) (7)

Flow(i, j, t) > 0 (8)

Family(Z, G, M) < HumanResource(Z, G) (9)

Family(Z, G, M) > 0 (10)

Export(Z, CE) < Production(Z, CE) (11)

Export(Z, CE) > O (12)

CanalDiversion(M) < Capacity(M) (13)

CanalDiversion(M) > 0 (14)

Slakeland(Z, G) < LandRocources(Z, G) (15)

Slakeland(Z, G) > 0 (16)

Volumem < Rule(Up, M) (17)

Volumem > Rule(Lo, M) (18)

where i and j are indexes for node i and j, Z is the Agro climatic Zone (ACZ) index, G
is the groundwater type index, CE refers to the commodity index and M is the month
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index. These constraints are related to inflows in the canal, canal capacity, exports, canal
diversions, slakeland and upper (Up) and lower (Lo) limits of volume in the reservoir.

Major constraints include the following:

1. Canal Commands: 42 canal commands are used to represent the whole irrigation system.
2. The Inter-Provincial Accord 1991: IRSA Rules are used for water allocation to the provinces.
3. Reservoir Operating Rule: Monthly lower and upper boundaries of reservoir capacity

are used as upper and lower bounds. No complex, operating rules are defined for
this purpose.

4. Turbine efficiency: 80% efficiency is used.
5. Only fifteen crops are the part of current IBMR.
6. Aquifer behavior is not considered in the modeling.

4. Methods and Materials
4.1. Input Data

The inputs to the IBMR-2020 include (1) livestock and agronomic data; (2) resources
inventory; (3) economic data; and (4) canal commands and water inflows related data.

4.2. Scenarios Development

The following three scenarios have been designed and analyzed using proposed model:

1. Scenario1: Whole water is utilized for agriculture.
2. Scenario2: Whole water is utilized for power generation.
3. Scenario3: Water is utilized both for power generation and agricultural purposes.

4.3. Study Area

Different studies on the Indus basin have been performed considering upper [47] and
lower Indus Basin [48]. In this study, we have included the Pakistan’s site of the whole
Indus basin. The Indus stream framework is comprised of the fundamental Indus River and
its significant tributaries: The Jhelum, Kabul, Ravi, Sutlej and Chenab [49,50]. Pakistan’s
side of the Indus basin has been included for hydropower and agricultural purposes. The
study area covers the all twelve Agro Climatic Zones (ACZ). The basin includes three major
reservoirs namely Mangla, Tarbela and Warsak with live storage capacity of about 14 MAF,
which accounts for about 10% of annual inflows. The system consists of the world’s largest
canal network with 42 major canals [51]. Figure 3 shows the Indus river and its tributaries,
major reservoirs and barrages.

The Indus Basin covers 1,120,000 km2 of area, which is 54% of the South Asia. Area
wise distribution of the Indus basin is given below Table 1:

Table 1. Indus Basin Country wise (Aquastat Survey 2011).

Country Area (km2) % of Country % of Basin Area

Pakistan 520,000 47 65
India 440,000 39 14
China 88,000 8 10
Afghanistan 72,000 6 11

4.4. Water Resources Availability, Storage and Future Projects

Pakistan has three mega dams with a total live capacity of around 11 MAF. At the
moment, Pakistan is completely reliant on three western Indus tributaries, namely Kabul,
Jhelum, and Chenab, whereas three eastern Indus tributaries Ravi, Sutlej, and Beas were
granted to India for exclusive use following an agreement. Approximately 4.60 MAF
of water flows from India to Pakistan through these eastern rivers, with an additional
3.33 MAF of run-off generated in Pakistan’s catchments. The Kabul River contributes
21 MAF to surface water. The Indus River System receives an average annual water inflow
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of roughly 146 MAF, according to IRSA data (2013), which is largely obtained from snow
and glacier melting. Pakistan’s present water availability at various canal headworks
is at 97.71 MAF, with yearly losses projected to be around 48.29 MAF. Pakistan draws
roughly 50 MAF from groundwater aquifers and has already exceeded the safe yield limit.
Salinisation and higher concentrations of fluorides and arsenic in water have resulted
from over-mining and aquifer degradation, compromising the condition of agricultural
areas [53]. Water availability in Pakistan is now less than 110 cubic meters per capita.
Pakistan only has a 30-day water storage capacity [54]. Table 2 shows the proposed dams
to overcome the water needs of the country.

Department of Punjab (http://irrigation.punjab.gov.pk/), which included Tarbela, Chashma and 
Mangla reservoirs, and Jinnah, Taunsa, and Rasul barrages, and Irrigation Department of Sindh 
(http://sindhirrigation.com.pk/), which included Guddu, Sukkur, and Kotri barrages (Figure 1). 
The span of data for the reservoirs and barrages in the Punjab and Sindh provinces were from 
1991 to 2016 (a total of 26 years) and from 1991 to 2013 (a total of 23 years), respectively. The 
change of surface area and volume of the reservoir capacities with respect to the change in 
reservoir levels were also obtained to evaluate the potential of each of the reservoirs. Based on 
the historical time series data of the inflows and outflows, regression models were developed and 
were validated against the historical data. The final SD model used the regression models 
(empirical relationships) to calculate the downstream flow conditions with the change in flows at 
the upstream locations. 
 

 

Figure 1. Schematic diagram of the Indus River Basin (IRB) showing its major rivers and 
tributaries with the locations of the existing and proposed reservoirs and barrages. The reservoirs 
and barrages on the Indus and Jhelum Rivers were analyzed in the study. 

Figure 3. The Indus Basin of Pakistan [52].

Table 2. Proposed future projects [55].

Sr.No Project Live Capacity MAF Installed Capacity MW Expected Year of Completion

1 Daimer Basha 6.40 4500 2028
2 Mohmand Dam 0.67 800 2025
3 Katzarah Dam 35.00 15,000 TBD
4 Dasu Dam 1.14 4320 2025
5 Banji Dam 1.14 7100 TBD

The proposed model is programmed in GAMS and dynamic nonlinear programming
solver based on the generalized reduced gradient (GRG) method is used for CPS maxi-
mization calculation. The DNLP Solver has been used to solve the IBMR2022 nonlinear
model. GRG uses the path of steepest ascent/descent. It moves from one feasible solution
to another until the objective function value stops improving i.e., converges. The flow chart
of the GRG method is shown in Figure 4. The real-time data for the Indus River System
at rim stations of around 80 years old have been used. Different exceedance probabilities
have been used for inflows calculation, and IRSA Rules for water distributions among the
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different provinces of Pakistan are used. Microsoft Excel and GAMS Studio have been used
for calculations and optimizations.

Specify decision variables

Converge

Calculate Objective Function

and Reduced Gradient

Determine search direction

Choose a step size for each

iteration

Update decision variables

using Newton's Method (NM)

End

NM Convergence

State

variables out

Minimum

value in the range

No
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No

Increase

step size

Start

No

Reduce the step size

Iterate to determine the

variables within the range

Minimum
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No

A

Yes

No

Yes

A

Yes

Figure 4. Flow chart of the generalized reduced gradient method [56].

5. Results and Discussion

This section contains case studies dealing with the analysis of the proposed scenarios,
and their results with discussion.

5.1. Scenario1

Whole Water Is Utilized for Agriculture If the whole water is used for agriculture
purposes, the net basin-wide economic benefit calculated by using IBMR-2021 is 33,605.85
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million dollars. This number is very close to economic benefits of agriculture income
calculated using IBMR 2012.

5.2. Scenario2: Whole Water Is Utilized for Power Generation

If the whole water is used for electricity generation purposes, the net basin-wide
economic benefit calculated by using IBMR-2021 is 9,567,606.66 million dollars. This
number is very large and gives rise to a huge economic benefit apparently but is not
practical because, if there is no agriculture, then there is no concept of life.

5.3. Scenario3: Water Is Utilized Both for Agricultural Purposes and Power Generation

The option to use water for both agriculture and power generation fulfills both food
and power needs. This can be achieved using the parameter α introduced in Equation (2).
If 50% water is used for agriculture and the remaining 50% is used for power generation,
about 2.73 billion dollars in benefits is increased. Please note that all the calculations are
performed using an updated Indus Basin Model Revised 2021 (IBMR-2021) with 50% inflow
exceedance probability.

5.4. Impact of α on Agriculture and Power Generation

The parameter α controls the usage of water for both agriculture and power generation
in IBMR. The value of α = 1 means that the whole water is used for agriculture purposes,
whereas the value of α = 0 shows the total water potential for hydropower generation.
Figure 5 shows the impact of α on agriculture and power generation.
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Figure 5. Impact of α on agriculture and energy.

From Figure 5, it can be observed that α = 0.5 is the equilibrium point for both
agriculture and energy monitory values. For α = 0.1, the maximum increase in CPS is
around 11.83%, and it gradually decreases with the increase of α. When α is 0.9, the
minimum increase in CPS is 1.29%, as shown in Table 3. The results show that, the greater
the water allocation for hydropower, the greater the economic benefit. The variation of CPS
for different values of α is shown in Figure 5.
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Table 3. Impact of hydropower on basin wide income with 50% exceedance probability.

α Energy Income Million $ Agri Income Million $ CPS Million $ % Increase in CPS

0.10 2754.37 23,276.64 26,031.02 11.83
0.20 2433.64 23,275.32 25,708.96 10.46
0.30 2129.24 23,286.25 25,415.50 9.14
0.40 1832.88 23,286.35 25,119.22 7.87
0.50 1518.59 23,286.48 24,805.07 6.52
0.60 1208.64 23,286.97 24,495.61 5.19
0.70 905.62 23,287.43 24,193.06 3.89
0.80 603.34 23,277.71 23,881.05 2.59
0.90 301.09 23,287.53 23,588.62 1.29
1.00 0.00 23,300.06 23,300.06 0.00

5.5. Impact of Hydropower on Basin Wide Income

Using the proposed formulation for CPS and hydropower generation, basin wide
income (CPS) has been calculated using the IBMR-2021 model. Results are shown in the
Tables 3 and 4: Please note that we have used 50% and 80% exceedance probabilities for
these calculations. It is observed that basin wide income increases by about 11.83% with
the inclusion of power generation in CPS. For details, please see the Tables 3 and 4.

Table 4. Impact of hydropower on basin wide income with 80% exceedance probability.

α Energy Income Million $ Agri Income Million $ CPS Million $ % Increase in CPS

0.10 1930.95 21,672.34 23,603.29 8.91
0.20 1716.24 21,683.27 23,399.51 7.92
0.30 1501.60 21,627.22 23,128.82 6.94
0.40 1286.28 21,672.42 22,958.69 5.94
0.50 1071.89 21,683.33 22,755.23 4.94
0.60 857.46 21,681.80 22,539.26 3.95
0.70 642.82 21,628.84 22,271.66 2.97
0.80 427.75 21,681.90 22,109.65 1.97
0.90 213.05 21,560.62 21,773.66 0.99
1.00 0.00 0.00 32,531.37 0.00

5.6. Cost Comparison of Hydro Energy with Other Energy Sources

Table 5 shows price comparison among different sources of energy. From the table,
it is evident that hydropower has the lowest Per Kilowatt Hour cost as compared to
other sources.

Table 5. Cost comparison of hydro energy with other energy sources [57,58].

Sr. No Type of Energy Cost of Per Kilowatt Hour in $

1 Hydro Electric Power 0.01
2 Coal-fired Power 0.08
3 Furnace Oil-based Electricity 0.11
4 Wind Power 0.07
5 Solar Electricity 0.13

5.7. Pakistan’s Water Budget and Associated Problem

Figure 6 depicts Pakistan’s water budget and associated problems i.e., the mean annual
River inflows (140 MAF), flows to Arabian (27 MAF), total water available water (140 + 50 +
13 = 203 MAF), total losses (10 + 26 + 23 + 10 + 24 + 27 = 120), total available water for crops
consumption is 83 MAF. Thus, the total available water for agricultural use is about 40.89%
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and total losses are 59.11% [59]. Therefore, it is recommended to take necessary actions for
infrastructure maintenance to avoid this large amount of loss and increase productivity.

Mean Annual River Flows 140 MAF 

Mean Annual Canal Diversions 103 MAF

Canal Supplies at Farm Gate 54 MAF

Supplies at Watercourse Head 77 MAF

Irrigation Water at Farm Gate 104 MAF

Irrigation Water for Crops Consumptive Use 
70 MAF

Irrigation Water at Field Level 94 MAF

Total Available Water for Crops 
Consumptive Use 83 MAF

Flow to Arabian Sea 
27 MAF

Watercourse Losses 
23 MAF

Field Channel Losses
10 MAF

Rainfall Contribution
13 MAF

River System Losses 
10 MAF

Canal Losses 10 MAF

Ground Water 
Contribution

50 MAF

Field Application 
Losses

54 MAF

Figure 6. Pakistan’s water budget and associated problem.

5.8. Output Data

The outputs from the proposed IBMR are of great importance for policymakers and
researchers. It provides a great insight to policymakers for future planning in the field
of agriculture and hydropower generation. The main objective function provides the
basin-wide income and net profit from agricultural production and power generation. It
also provides the value of water stored in reservoirs, agricultural imports and exports, the
economic benefits, and the flow of water to the sea.

5.9. Pakistan’s Energy Mix by the Year 2040

The energy mix composition calculated by the proposed IBMR model is shown in
Figure 7. The pie chart shows that the hydro power will take a major share of about 40%
followed by 25% local coal and renewable being the third largest contributor of about
16%. By 2040, we would have around 56% of the hydro and renewable energy share in
accordance with the SDG 7 initiative by the government of Pakistan. The obtained results
are in close agreement with results given in the indicative generation plan 2040 by NTDC.
This indicates the promise of the approach.
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Figure 7. Pakistan’s energy mix by 2040.

5.10. Indicative Generation Plan for the Year 2040

An exponential model has been derived using the data from NTDC to obtain a yearly
indicative generation plan. Table 6 shows the comparison between the Indicative Genera-
tion Plan for the year 2040 by NTDC [21] and that calculated using the proposed IBMR-
2021. The estimated values from both NTDC and IBMR-2021 are 370,348.00 GWh and
367,549.84 GWh, respectively, and in good agreement with the reference energy estimated
by NTDC.

Table 6. Indicative Generation Plan for the year 2040.

Year NTDC Energy Estimated (GWh) IBMR Energy Estimated (GWh)

2020-21 158,842.00 154,540.92
2021-22 166,267.00 161,751.13
2022-23 173,178.00 169,297.74
2023-24 181,051.00 177,196.44
2024-25 188,749.00 185,463.65
2025-26 193,948.00 194,116.58
2026-27 202,763.00 203,173.22
2027-28 211,718.00 212,652.40
2028-29 220,940.00 222,573.84
2029-30 231,142.00 232,958.17
2030-31 241,889.00 243,826.99
2031-32 253,101.00 255,202.90
2032-33 265,289.00 267,109.56
2033-34 278,069.00 279,571.74
2034-35 291,403.00 292,615.34
2035-36 305,685.00 306,267.51
2036-37 320,652.00 320,556.62
2037-38 336,293.00 335,512.40
2038-39 352,917.00 351,165.96
2039-40 370,348.00 367,549.84

5.11. Government Initiatives under SDG 7 for Hydropower Generation

Maintaining uninterrupted energy sources needs a high level of energy integration.
Pakistan’s renewable energy policy is being improved in order to attract investment in a
safe, renewable, and affordable energy mix. In order to reduce gas shortages, the country is
also looking for ways to tap into its unconventional gas resource potential.

Table 7 shows the hydropower projects under construction and their expected time of
completion, $/kw cost and generation capacity.
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Table 7. Government initiatives under SDG 7 for hydropower generation.

Power Plant Capacity (MW) Year Installed Cost ($/KW) Annual Energy (GWh) Cost (c/KWh)

Matiltan 84 2020 2457 339 6.38
Lawi 69 2021 2854 311 6.61
Laut HPP 49 2021 3202 205 7.96
Harigel 40 2022 2697 223 5.06
Jagran-II 35 2022 2068 154 4.97
Dasu Hydel 2160 2023 1888 11,176 3.87
Gumat Nar 49.5 2023 3253 218 7.68
Harpo 34.5 2024 2947 173 6.13
Lower Palas 665 2024 1901 2568 5.22
Lower SpatGah 496 2024 2060 2084 5.18
Phander 80 2024 1824 365 4.25
Mohmand dam 800 2024 2244 2859 6.61
Ashkot HPP 300 2024 2301 1376 5.28
Tarbela5 1410 2025 586 1401 6.95
Pattan 2400 2026 1904 12,544 3.87
Kohala 1124 2028 2456 6608 4.38
Azad Pattan 700 2028 2164 3192 5.01
Thakot HPP 4000 2028 3205 19,947 6.68
Shyok HPP 640 2028 2793 3740 4.99
Diamer Basha 4500 2029 1711 18,071 5.00
Chakothi 500 2029 2353 2440 5.07
Mhl 640 2030 2266 3720 4.10
Bunji Hydel 3600 2030 1901 12,078 6.00

6. Conclusions

This paper presents the modified IBMR-2021 dealing optimal usage of water for
both agriculture and electrical power generation. This model is a valuable addition for
both IRSA and NTDC and supports government commitment towards SDG. The main
objective function of IBMR-2012 that calculates CPS has been modified to incorporate the
optimal share of water for electrical power generation. In the current research, an enhanced
version of IBMR has been proposed which accounts for hydropower generation along with
agriculture. The aim was to study the impact of hydropower on basin wide income by
incorporating hydropower generation in IBMR modified version. The following three cases
studies have been analyzed, and results are presented. The current research broadens the
use of IBMR not only for agriculture but also for hydropower generation and planning,
aiming to reduce the energy costs and effective utilization of water:

• Scenario1: Currently, the IBMR accounts for this scenario, i.e., the whole water is used
for agriculture and basin wide income is purely rely on agriculture income.

• Scenario2: Explains an extreme scenario when all of the water is utilized for hy-
dropower. In this case, the net basin income goes very high, but practically we cannot
spare all of the water for hydropower.

• Scenario3: This scenario covers both agriculture and hydropower generation income
simultaneously in one objective function. If 50% water is allocated for agriculture
and the rest of the 50% for power generation, about 2.73 billion dollars in benefit
is increased.

The analysis of these case studies show that basin-wide income increases by 11.83%
using 50% exceedance probability with the inclusion of power generation. The results are
in agreement with reference to power generation estimated by NTDC. Green energy due
to technological breakthroughs has gained a lot of attention and provides cost-effective
solutions for power needs. The Government initiatives for a hydropower project and NTDC
year 2040 plan both emphasize hydropower, which is clean and affordable energy. Hence,
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pushing for and ensuring delivery of SDG 7 in full letter and spirit. In order to exploit the
hydropower potential of the Indus River System, the incorporation of the hydrothermal
coordination aspect in this modified version could be another exciting and innovative
dimension for future work.Traditionally, IBMR has been used by WAPDA and other policy
makers for agriculture and irrigation related planning.

7. Future Recommendations

The following studies are recommended to further explore the potential of various
areas of research in the Indus Basin:

i. More crops like olives need to be added in the model as it is one of the fastest growing
crops in the region and will add revenue in the basin income.

ii. Aquifer behavior needs to be considered for more accurate modeling on under
water storage.

iii. Hydro and other renewable energy sources coordination at the basin level could be
a good idea for future research. To reduce the overall fuel generation cost, the best
combination for generation using different sources needs to be investigated.

iv. Climate change scenarios like Representative Concentration Pathways need to be
investigated for both the upper and lower Indus basin.
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GRG Generalized Reduced Gradient
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IBMR Indus Basin Model Revised
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MDG Millennium Development Goals
NTDC Nation Transmission and Distribution Company
NEECA National Energy Efficiency and Conservation Authority
RCP Representative Concentration Pathway
SDG Sustainable Development Goals
SHP Small Hydropower Plants
TAPI Turkmenistan Afghanistan Pakistan-India
TWh Tera Watt-hours
TBD To Be Decided
WAPDA Water and Power Development Authority
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