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Many developing countries suffer severe energy deficiencies despite their ample re-

serves of energy resources, - the so-called predicament of ”resource rich, energy poor.” A

leading driver is the energy-economy cycle, where the poor economic status, inefficient

utilization of limited budget, and energy deficiency reinforced each other and have led

these countries into a spiral of economic downfall. How to turn this cycle around? It is

a classic question but not well answered in the energy policy/economics literature and

barely studied in the operations management literature.

In Essay 1, we introduce the general concept of energy supply chains and provide a

detailed literature review on related studies. The concept applies to any country blessed

by natural resources but lack of electricity supply.

In Essay 2, we develop a new class of mathematical models to build up coal-based

energy supply chains gradually over time to resolve the paradox of “resource rich, energy

poor”. Specially, we provide a mathematical approach to design cost effective energy

supply chains taking into account the interaction between economy and budgets and

ii



various types of constraints arisen in fuel production, fuel transportation, power genera-

tion and transmission, and consumption. We verify the effectiveness of the approach by

real life instances in some of the energy poor countries.

In Essay 3, we study the nexus of water, food, energy and flood, which are among the

most formidable challenges faced by developing countries around the world (Food and

Agriculture Organization of the United Nations 2014). The development of hydropower

has the potential to address all these issues in the same time and thus is prioritized in

the international community to reduce poverty, promote the sustainable development of

the economy, and achieve the Millennium Development Goals.

In this Essay, we apply the supply chain management concept to water resource de-

velopment and provide the end-to-end and dynamic perspectives (the supply chain per-

spectives) needed in the expansion of hydropower network for energy security, irrigation

and flood control. We identify the unique features and economies of hydropower systems

in developing countries and construct a new class of mathematical models to capture

the nexus of these issues, explore the synergy among different development goals and

maximize the overall benefit. The model links the hydropower location decisions with

the distribution decisions of power and water, incorporates conflicting requirements of

different sectors, and capture a new set of cost and time trade-offs on a complex, inter-

acting and dynamic network. Applying the model to the real-life situation of Pakistan,

we develop new solutions that can significantly outperform common practices in eco-

nomic prosperity. Our results demonstrate the value of the supply chain perspectives in
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hydropower network expansion, and provide insights on the relative performance among

popular practices, such as, concentrated vs. dispersed hydropower locations, many small

vs. a few large hydropower sites, and various strategies on the mix and sequence of sites

with different types and capacities.
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Chapter 1

Introduction

1.1 Motivation

Energy poverty is a universal issue in a vast majority of developing nations. Eighty-

six percent of people in Tanzania depend on kerosene and candles for light, which are

known to be inefficient and dangerous (IFC, 2015). Moreover the lack of electricity

affects at least one in three Africans. Pakistan is facing severe electricity crises and its

fragile economy is in turmoil that poses a serious threat to its economic security. As

reported by NEPRA (National Electric Power Regulatory Authority, 2012), some rural

areas have been experiencing unscheduled load shedding and long blackout sessions up to

12-16 hrs a day. In Southeast Asia, IEA estimates that 134 million people, or 22% of the

region’s population, currently do not have access to electricity and around 280 million

people (almost half of the region’s population) rely on the traditional use of biomass for

cooking (IEA, 2013).
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Many of these countries have abundant natural reserves of energy sources, such as

coal, oil and gas, hydro and renewal resources like solar and wind. However, they either

do not have an energy infrastructure that can convert the resources into power and

distribute it massively to the users, namely, the energy supply chain, or they lack of

effective use of the existing energy supply chains. In comparison, the United States is

the world’s largest national economy with a GDP of approximately $ 17 trillion in 2012.

(World Bank, 2013) And the U.S. electricity power industry had capital spending of

$ 90.5 billion, accounts for 0.54% of GDP. How does Africa look? Sub-Saharan Africa

made a GDP of $ 1.6 trillion, and more than $ 300 billion is required to achieve universal

electricity access by 2030. According to figures from the World Bank, the six countries

have averaged a combined investment of just over $ 3 billion a year in their electricity

infrastructure. (Tam Harbert, 2014).

Figure 1.1: GDP per capita and Electricity consumption per capita. Units: 2005 USD & KWh. Source: IEA,
2014
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Energy consumption is strongly correlated with the economic development of a coun-

try. Figure 1.1 shows that countries of OECD (developed countries) locate at the top

right quadrant while undeveloped and developing countries locate at the bottom left

quadrant. It is a powerful look at how economic growth affects on energy consumption.

The world energy consumption is quite disproportional to the distribution of world

population. U.S. takes 4.47% of world population, yet accounts for almost 20% of world

electricity consumption. Afirica are consuming 3%, yet they account for 15.39% of the

world population. Similar observations can be made on non-OECD America and Asia

(Table 1.1).

Region Population Population Electricity Electricity
/Country (Million) Consumption Consumption
/Economy ,2012 (%) (TWh), 2012 (%)

China 1,358.00 19.30 % 4,737.00 22.65 %

U.S.A. 314.28 4.47 % 4,069.06 19.46 %

Asia 2,320.00 32.97 % 2,071.00 9.90 %

India 1,236.69 17.57 % 939.78 4.49 %

Pakistan 179.16 2.55 % 80.13 0.38 %

Africa 1,083.00 15.39 % 641 3.06 %

Nigeria 168.83 2.40 % 26.22 0.13 %

Ethiopia 91.73 1.30 % 5.30 0.03 %

Non OECD America 467.00 6.64 % 611 2.92 %

World 7,037.00 100.00 % 20,915.00 100.00 %
Table 1.1: Distribution of The World Population and Electricity Consumption. Sources: The World Bank (2013),
IEA (2014)

These disproportional distributions of electricity consumption and population are

clearly displayed in the list of the 20 countries with the highest deficit in access to

electricity (Figure 1.2). With respect to electricity, the global access deficit amounts to

1.2 billion people, and 87 percent of those who live without electricity are geographically

concentrated in Sub-Saharan Africa and South Asia. Especially, India has by far the
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largest access deficit, exceeding 300 million people. Among the 20 countries with the

highest deficits in access, 12 are in Sub-Saharan African countries; of those, eight report

an access rate below 20 percent (World Bank, 2013).

Figure 1.2: The top 20 countries where people lack access to electricity. (Unit: million) Sources: Global Tracking
Framework, The World Bank (2013).

In 2013, nearly 1.26 billion indian people, accounting for over one sixth of the world’s

population, only generates 4.04% of world electricity. Similarly Africa has one sixth of

global population, but only generates 8.63% of global electricity (IEA, 2014). Asian

countries (excluding China and OECD countries), accounting for 40% of world popu-

lation, but only generate 10.88% (1,464 Mtoe) electricity in comparison to the world’s

production of 13,461 Mtoe. Moreover, The UN expects the world to grow from 7.2 billion

people today to 9.6 billion in 2050 with more than half of the extra 2.4 billion people

in Africa. Currently, more than 70% population in African and Asian countries does

not have access to electricity (UN, 2013, World Bank, 2013). Including India, about 1.2
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billion people, have no access to electricity in the world (Figure 1.2).

1.2 Overview of Main Problems

Country Oil Reserve (Rank) Gas Reserve (Rank) Coal Reserve
(mil. barrels) (m3) (mil. ton)

India 5,710 (24) 1,075,000,000,000 (26) 92.445

Nigeria 37,200 (10) 5,100,000,000,000 (9) 396

Bangladesh 28 (85) 195,400,000,000 (48) 293

Ethiopia 0.4 (100) 24,920,000,000 (74) 376

Congo, DR 1,940 (38) 90,610,000,000 (57) 88

Tanzania 0 (179) 6,510,000,000 (83) 200

Sudan 2,800 (34) 84,950,000,000 (58) 0

Uganda 1,000 (44) 14,160,000,000 (78) 66

Afghanistan 80 (76) 49,550,000,000 (66) 100

Philippines 168 (65) 108,700,000,000 (54) 316

Pakistan 313 (55) 754,000,000,000 (29) 185,000

Indonesia 3,590 (31) 3,001,000,000,000 (14) 4,968
Table 1.2: Reserves: Oil, Gas, and Coal. Source: CIA, 2013. Global methane initiative, 2010, world energy
council, 2013

These energy poor countries are paradoxically endowed with immense natural resources

(Table 1.2). Countries in those regions blessed to natural resource wealth aren’t gener-

ating electricity enough to their people (IEA, 2013, and 2014).

Country GDP per capita Public Debt to GDP Credit Rating
current US $ (%) (S&P)

India 1,498.9 49.6 BBB-

Indonesia 3,475.3 24.8 BB+

Pakistan 1,275.3 50.4 B-

Nigeria 3,005.5 18.8 BB-

Bangladesh 957.8 32 BB-

Ethiopia 505.0 44.4 N/A

Philippines 2,765.1 51
Table 1.3: Budgetary condition of countries of top energy deficit. Source: CIA, 2013, Standard & Poor’s, 2014
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The energy poor countries typically have impoverished budgetary condition which lead

to consistent inefficient investment in an energy sector (Table 1.3).

An economic growth requires an ample supply of energy (electricity); the development

of the energy sector requires a significant investment, which in turn depends on the

economic growth. This cross-dependence between economic growth and energy supply

presents a vicious cycle (Rafique, R. and Zhao, Y., 2011). Our focus in this proposal

is on breaking it by developing an innovative model to cost effectively build up energy

supply chains for various resources strategically (Figure 1.3).

Figure 1.3: Vicious cycle

1.3 Objective and Dissertation Structure

The objective of this dissertation is to develop a new class of mathematical models to

build up energy supply chains gradually over time to resolve the paradox of “resource

rich, energy poor”. Specially, we provide a mathematical approach to design cost ef-

fective energy supply chains taking into account the interaction between economy and

budgets and various types of constraints arising in fuel production, fuel transportation,

power generation and transmission, and consumption. We verify the effectiveness of the
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approach by real life instances in one of the energy poor countries.

In essay 3, we study the nexus of water, food, energy and flood, which are among the

most formidable challenges faced by developing countries around the world (Food and

Agriculture Organization of the United Nations 2014). The development of hydropower

has the potential to address all these issues in the same time and thus is prioritized in

the international community to reduce poverty, promote the sustainable development of

the economy, and achieve the Millennium Development Goals.

In this essay, we apply the supply chain management concept to water resource de-

velopment and provide the end-to-end and dynamic perspectives (the supply chain per-

spectives) needed in the expansion of hydropower network for energy security, irrigation

and flood control. We identify the unique features and economies of hydropower systems

in developing countries and construct a new class of mathematical models to capture

the nexus of these issues, explore the synergy among different development goals and

maximize the overall benefit. The model links the hydropower location decisions with

the distribution decisions of power and water, incorporates conflicting requirements of

different sectors, and capture a new set of cost and time trade-offs on a complex, inter-

acting and dynamic network. Applying the model to the real-life situation of Pakistan,

we develop new solutions that can significantly outperform common practices in eco-

nomic prosperity. Our results demonstrate the value of the supply chain perspectives in

hydropower network expansion, and provide insights on the relative performance among

popular practices, such as, concentrated vs. dispersed hydropower locations, many small

vs. a few large hydropower sites, and various strategies on the mix and sequence of sites
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with different types and capacities.
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Chapter 2

Energy Supply Chain

Energy supply chain is defined as a network of independent players collectively respon-

sible for producing fuel, transporting fuel, generating and transmitting electricity, and

cusumming electricity. (Figure 2.1)

Figure 2.1: Energy supply chain: Flow and key players
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We apply the supply chain management principles to energy sector, and our objective

is to synchronize all elements, such as production and transportation of fuel, generation

and transmission of electricity, and consumption of electricity for achiving universal

electricity access with the minimum budget.

Figure 2.2: Simple Example: Coal-fired energy supply chain: Single mine location, single PP location, and single
demand zone.

To develop intuition, we shall first understand how different parts of an energy supply

chain may interact. For this purpose, we consider a simple energy supply chain with a

sinlge mine, single power plant location and single demand zone (Figure 2.2). Through

this simple example, we shall examine the impact of yield loss, the importance of a

PP(power plant) location, and the importance of a mine location. The simple example

is based on real-life data collected from the coal-based energy industry in Pakistan.

2.1 Key Issues in Energy Supply Chain

Yield loss may have a significant impact on the energy supply and can be a dominant

fact in the location decisions of power plants. The following simple example considers

Thar as a single mine location, and Sahiwal as a single demand zone. We also select a

single power plant location where multiple power plants can be built. It is tested with
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five potential PP (power plant) locations respectively so that we can demonstrate the

impact of yield loss with different distances between a PP location and a demand zone.

Figure 2.3: Impact of Yield Loss on Costs and PPs (Mine: Thar reserves, Demand zone: Sahiwal, 4.5 % yield loss
in every 100 miles)

If power plants are located at the coal reserve, then the yield loss is the highest

(distance dependent) and so the most PPs must be built and consequently the most coal

must be burnt. The cost is nonlinear because of the nonlinear behavior of yield loss (i.e

4.5% per every 100 miles). Based on the available high voltage, we here conservatively

estimate the yield loss per 100 miles to be 4.5% (David Hurlbut, 2012). On the other

hand, if power plants are located at the demand zone (i.e. far away from coal mines), that

means the longest distance and the highest cost related to railway network. Although

coal transportation cost is the highest at the Sahiwal, location of PPs, that has no yield

loss. (Figure 2.3).

Another key issue in energy supply chain is to decide which mine to explore. The
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smallest mine reserve costs the least and takes less time to setup, but it has too small

reserve to match the long term demand. On the other hand, the largest mine has enough

coal reserve, but take more time and spends large on the setup. Therefore mine selection

is important. We consider three mines that have different distances from demand zone,

Sahiwal Sonda/Lakhra (closer to the demand zone than Thar), and Salt Range (closest

mine to the demand zone). Distances between the reserves and demand zones play a

major role in the design of energy supply chain (Figure 2.4).

Figure 2.4: Importance of Mine Location (PP location & Demand zone: Sahiwal, 0% yield loss due to the location
of PPs at demand zone)

This example shows that the energy supply chain is an integrated network whose

performance in cost and electricity output depends on both of the selection of mines and

the selection of power plant locations. It’s necessary to consider trade-offs together.

2.2 Literature Review

Logistic networks design, integrated supply chain, Transmission system, energy eco-

nomics, and energy policy literatures are reviewed within the scope of our research.
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2.2.1 Design of Logistic Networks and Integrated Supply Chains

Facility location literature addressed questions to location or relocation of plants, ware-

houses and other facilities in a logistics network dynamically as the demand, budget

and other factors change over time. Wesolowsky (1973) introduced the dynamic facility

location literature by studying the single facility location problem that permits location

changes for a multi-period planning horizon. An algorithm is developed to optimize the

sequence of locations in order to meet changes in cost, volume and location of destina-

tions. Wesolowsky and Truscott (1975) extends this model to locate multiple facilities

among many possible sites to serve different demand points. For a comprehensive review

of facility location literature author refer the reader to e.g. Love, Morris, and Wesolowsky

(1988) and Daskin, Snyder and Berger (2005).

Van Roy and Erlenkotter (1982) solved a capacitated dynamic location problem with

opening and closing decisions using a dual-based branch-and-bound procedure. Mirchan-

dani and Francis (1990) discussed discrete location theory for duality, and decomposition

methods for incapacitated facility location problems. Hinojosa, Puerto and Fernandez

(2000) studied a mixed integer programming model to build facilities at multiple echelons

of a distribution system over time.

Canel and Khumawala (1997, 2001) solved a multi-period international facilities loca-

tion problem. Melachrinoudis and Min (2000) developed a dynamic, multiple objective,

mixed-integer programming model to solve the multi-period relocation problem. More

related work can be found by Klose and Drexl (2005) which addressed concerns like which

customers should be serviced from which facility (or facilities), Troncoso and Garrido
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(2005) which considered specific production and logistics issues in the forest industry,

and Dias, Captivo, and Climaco (2007) which solved a dynamic location problem with

opening, closure and reopening of facilities by primal-dual heuristic approach.

The authors have extended the scope of supply chain literature to review production,

inventory, and logistics decisions in an integrated framework. Min and Zhou (2002) pro-

vided guidelines for the development and implementation of these kinds of supply chain

models. Chen and Paulraj (2004) suggested to analyze interrelationships of various sup-

ply chain initiatives and constructs, direct or indirect mediating effects of these activities

and constructs on supply chain performance. Hinojosa, Puerto and Fernàndez (2000)

studied dynamic two-echelon multi-commodity capacitated plant location problems with

inventory and out-sourcing aspects.

Ambrosino and Scutellà (2005) addressed facility location, warehousing, transporta-

tion and inventory problems. Meixell and Gargeya (2005) reviewed global supply chain

design decisions from a practical point of view. Shu, Teo and Shen (2005) studies the

stochastic transportation-inventory network design problem involving one supplier and

multiple retailers, and show that by exploiting certain structures, the problem can be

solved efficiently. Integrated facility location problems addressing distribution costs, and

inventory management for multiple products and multiple time periods was addressed

by Gen and Syarif (2005).

Fleischmann, Ferber and Henrich (2006) developed a strategic-planning model for

BMW to optimize the allocation of products to global production sites over a finite plan-

ning horizon. Melo, Nickel, and Saldanha-da-Gama (2006) proposed an integrated supply
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chain network model that include dynamic planning horizon addressing inventory, dis-

tribution, facility configuration, capital availability and storage limitations. Vila, Martel

and Beauregard (2006) presented a mathematical model related to potential production-

distribution facility locations and capacity options. Melo, Nickel and Saldanha (2009)

mentioned that supply chain management literature mainly studied the facility loca-

tion problems in automotive, food, chemical, forestry industries. We refer the reader to

Shapiro (2006), Shen (2007) and Simchi-Levi, Kaminsky and Simchi-Levi (2009) for a

comprehensive review of supply chain modeling and strategies.

To the best of our knowledge, energy infrastructure design is not studied in the supply

chain management literature. In this paper, we extended supply chain management

literature to the energy sector by developing a new class of location models to incorporate

the unique features of energy supply chains.

2.2.2 Energy Economics and Policy

Energy economics and policy literature studies three related areas: (i) power plant opera-

tions and locations, (ii) power plant fuel transportation, and (iii) electricity transmission.

The literature studies location issues of power plants related to solar, nuclear, wind

and thermal sources. Dutton, Hinman and Millhamet (1974) studies the optimal location

of nuclear-power plants with respect to construction, operating, and transmission costs.

Barda, Dupuis and Lencioniet (1990) uses the industrial feasibility standard approach

to evaluate the best possible location of power plants. The paper considers gas trans-

portation by pipelines that differs from coal energy economics. Rietveld and Ouwersloot
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(1992) proposes stochastic dominance concepts to rank alternatives among possible lo-

cations for nuclear power plants. An integrated hierarchical approach is presented by

Azadeh, Ghaderi and Maghsoudi (2008) to select the best-possible location for solar

power plants with the lowest costs.

The literature also studies power plant operations. For instance, Liu, Huang, Cai,

Cheng, Niu, and An (2009) develops a mathematical programming based optimization

model for coal and power management to improve the efficiency of a coal-based power

plant. Godoy, Benz and Scenna (2012) provides a non-linear programming model to

optimize the long-term operations of natural gas combined-cycle power plants.

The energy economics literature also studies the fuel transportation and power trans-

mission issues. For instance, Mathur, Chand and Tezuka (2003) studies the optimal

utilization and transportation of thermal coal and develops a framework of the general

transportation problem based on a linear programming model. Bowen, Canchi, Lalit,

Preckel, Sparrow and Irwin (2010) presents a mathematical programming based multi-

period planning model to optimize and expand power transmission system in India with

growing demand for electricity. Paulus and Truby (2011) studies the impact of energy

transport decisions on the global steam coal market by a spatial equilibrium model.

Rosnes and Vennemo (2012) builds an optimization model to estimate the cost of pro-

viding electricity to Sub-Saharan Africa over a 10-year period. These papers consider

existing power plants and thus power plant location is not an issue. All aforementioned

papers study individual parts of the energy supply chain (power plants, coal trans-

portation and power transmission) but don’t consider an integrated energy supply chain
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from coal mining to power consumption. Recently, the potential of such an integrated

approach is acknowledged by Halldorsson and Svanberg (2012), which conceptually ex-

plains how supply chain management may have a great potential in applications to the

production, accessibility and use of energy, from the point of origin to the point of con-

sumption. The paper also points out that “supply chain research has only to a limited

extent explored the nature of energy and energy resources.”

Our work expands the energy economic and policy literature to study an end-to-end

energy supply chain from coal mining to power consumption by supply chain management

principles and mathematical programming models. For the first time, our model captures

the interaction among different parts of an energy supply chain, such as the trade-off

between coal-transportation related costs (inbound) and transmission-yield induced costs

(outbound), in deciding power plant locations. Also for the first time, the model seizes

the dynamic nature of limited reserves, increasing energy gaps and the interaction among

energy, economy and budget. For the energy crisis of Pakistan, the model provides novel

solutions that significantly outperform the government’s plan and shed new insights on

energy supply chain design.
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Chapter 3

Coal-Fired Energy Supply Chain

3.1 Modeling Framework and Assumptions

Figure 3.1: Network flow of energy supply

In Chapter 2, an energy supply chain is described that it includes various types of fuel,

transportation method, power plant & its capacity, and transmission & distribution
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systems. (Figure 2.1) In addition, the same type of fuel can be produced at different

locations, and various types of fuel can be produced together at the same location.

(Figure 3.1)

Observation 1. Observation on the Energy Supply Chain:

1. Various types of resources such as oil, gas, coal, and renewable resources.

2. Reserves (gas, coal, or oil) may run out.

3. For renewable resources, capacity may be limited.

4. The same type of resource may be produced at different locations.

5. Capital cost of fuel production is different at each site.

6. Operating costs of fuel production including labor fee, and other all variable costs
depend on the amount of fuel produced.

7. Every type of fuel is transported from a single fuel location to multiple power plant
locations, and a power plant sources the same type of fuel from multiple fuel loca-
tions.

8. Fuel is transferred via multiple types of transportation modes such as railway sys-
tem, trucks, vessels, or pipelines.

9. Fuel production locations can have power plant locations.

10. If fuel production location, which has ample amount of fuel in a given period, is
chosen, and if power plants is located at the same location, then power plants must
source fuel locally, or may not source fuel from other fuel production locations. On
the other hand, any fuel production location is limited (it may run out) is chosen
and if power plants locate at the same location, then those power plants may source
fuel from multiple reserves.

11. Power plants can be built either fuel reserves or demand zones.

12. Electricity is generated by power plants that may have different capacities.

13. Power plants are operated at full capacity.

14. At each of potential power plant location, a limit on the number of power plants
that can be built given.

15. For building and operating power plants, both capital and operating costs are con-
sidered.
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16. Power plant operating cost is yearly based, and is measured in terms of % of capital
cost.

17. Electricity is transmitted from a single power plant to multiple demand zones, and a
single demand zone sources electricity from either multiple power plants or multiple
power plant locations.

18. Transportation route setup cost is given as a parameter that depends on the amount
of fuel and distance.

19. Two types of transmission technology are tested up: HVAC (High Voltage Alter-
nating Current), and HVDC (High Voltage Direct Current).

20. Building new transmission network and upgrading of existing transmission network
are both required.

21. HVAC requires the upgrade of existing line and the setup of new grid stations.

22. HVDC requires the setup of new transmission line and to setup new converter
stations for both converting AC to DC and inverting DC to AC back.

23. For HVAC existing lines are used, and grid station setup costs are dependent on
PP location, given as parameters.

24. For HVDC new lines are built, and the costs of converting & inverting station are
dependent on both distance and the amount of electricity transmitted.

25. No variable costs for operating transmission lines and grid stations.

26. The yield loss of transmission lines is 4.5% per every 100 miles for HVAC.

27. The yield loss of transmission lines is 0.429% per every 100 miles for HVDC.
Additionally 2% loss is occur when converting and inverting.

28. Demand increases at the same % in every year.

29. Generation mix is given in terms of %

30. Existing electricity production is subtract from total demand. Therefore a demand
parameter is the extra energy need.

Decision variables are defined as described below: (Table 3.1)
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Variable Type

Which Fuel production locations are to be opened? Binary
How much fuel is to be shipped from fuel production Continuous
locations to which Power Plant location
How many power plants are to be built Integer
at Power Plant location
How much power is to be transmitted from PP locations Continuous
to demand zone

Table 3.1: Decision Variables

This research aims to minimize total budget invested over a given period. According

to the location and functionality, each group of constraints is classified and explained by

class, (Table 3.2), thus the following regular assumptions are described. (Assumption 1)

Class of Constraints Name of Class

Limited reserves at locations of fuel production Fuel constraints
Transporter and route capacity limits Transport route constraints
Limited number of PPs at each of PP locations PP constraints
A power plant’s output can’t exceed Network constraints
its corresponding input and its capacity
Supply must meet demand of electricity Demand constraints
at demand zones

Table 3.2: Classes of Constraints

Assumption 1. Regularity assumptions:

1. The budget is unlimited.

2. Assume that all infrastructures can enter in service immediately after decided to
be operated. (Static)

3. Demand should be fulfilled.

4. Consumption follows the proportion of generation mix.

5. Power sources run as BAU (Business As Usual).
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3.2 Mathematical Models

We introduce a static energy supply chain model. Indexes, parameters, and variables

are setup or defined in advance.

Index Name Set

j Locations to produce fuel {1, 2, . . . , J}
l Different types of fuel {1, 2, . . . , L}
i Different modes of transportation {1, 2, . . . , I}
k Power plant locations {1, 2, . . . ,K}
w Installed capacities of power plants {1, 2, . . . ,W}
n Demand zones {1, 2, . . . , N}

Table 3.3: Index
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Fuel Location:

wlj If a fuel location j entering service Binary N/A

l ∈ L, j ∈ J with type l, then 1. Otherwise 0
qljk Quantity of fuel shipped from j to k Continuous : ton, etc

j ∈ J, k ∈ K, l ∈ L
bFL1 Budget to setup fuel locations Continuous : $1, 000
bFL2 Budget to operate fuel locations Continuous : $1, 000

Route:

xiljk If route between j and k entering Binary N/A

i ∈ I, j ∈ J, service, then 1. Otherwise 0
k ∈ K, l ∈ L
bR1 Budget for route setup Continuous : $1, 000
bR2 Budget for route operation Continuous : $1, 000
bTR Budget for purchasing transporters Continuous : $1, 000
ntiljk Number of transporters i Integer N/A

i ∈ I, j ∈ J, newly operated between j and k.
k ∈ K, l ∈ L
zljk If pipeline between j and k entering Binary N/A

j ∈ J, k ∈ K, l ∈ L service, then 1. Otherwise 0

Power Plant / Transmission Line:

ylwk Number of w MWh PPs Integer N/A
k ∈ K, l ∈ L,w ∈W using l type of fuel, which newly

enetering service at PP location k
elwk Amount of electricity generated at k Continuous : MWh
k ∈ K, l ∈ L,w ∈W using l type of fuel with w capacity
plkn Amount of electricity supplied from Continuous : MWh
k ∈ K,n ∈ N PP location k to demand zone n
bPP1 Budget invested for building PPs Continuous : $1, 000
bPP2 Budget invested for operating PPs Continuous : $1, 000
bTL Budget invested for building Continuous : $1, 000

transmission lines and grid stations

Table 3.4: Variables: A base model
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Fuel Location:

FRlj j ∈ J, l ∈ L Reserves of fuel type l at a location j : ton,m3, barrel

FSlj j ∈ J, l ∈ L Capital cost of fuel type l : $1, 000

at a location j
FOl l ∈ L Unit operation cost of fuel type l : $1, 000

at reserves

Route/Transport:

SBi i ∈ I Safety buffer between transporters. minutes
TF iljk Capacity of a transporter : ton,m3, barrel

i ∈ I, j ∈ J,
k ∈ k, l ∈ L
PF ljk Capacity of pipeline : ton,m3, barrel

j ∈ J, k ∈ k, l ∈ L
RSiljk Setup cost of route b/t j and k : $1, 000

i ∈ I, j ∈ J,
k ∈ K, l ∈ L
PSljk Setup cost of pipeline b/t j and k : $1, 000

j ∈ J, k ∈ K, l ∈ L
ROiljk i ∈ I, l ∈ L Unit shipping cost : $1, 000

TP il i ∈ I, l ∈ L Unit Purchasing cost of transporter : $1, 000

Power Plant:

CRlw l ∈ L,w ∈W Conversion ratio from fuel to power fuel / MWh
LP lk k ∈ K, l ∈ L Limitation of PPs at PP location k For k ∈ K〉
SC lwk Setup cost of w MWh power plant $ 1, 000 per PP
k ∈ K, l ∈ L,w ∈W to use l type of fuel at k : $1, 000
PCw w ∈W Capacity of power plant MWh

with w MWh
OC lwk l ∈ L,w ∈W Annual operation cost : $1, 000

Unit:1, 000

Transmission:

SCTLk k ∈ K Upgrading and connecting to : $1, 000
existing transmission system
at location k

Y L Yield loss of HVAC line 4.5%per100miles

Miscellaneous:

Gn n ∈ N Energy gap at demand zone n : MWh
GM l l ∈ L Generation Mix from each type of fuel %
Djk j ∈ J, k ∈ K Distance between fuel location and PP : 100miles
Dkn k ∈ K,n ∈ N Distance between PP and demand zone : 100miles
M Big number 2,000,000,000

Table 3.5: Parameters: A base model
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Parameters describe set-up and operations costs for producing and transporting fuel,

generating and transmitting electricity. Capacity of transporter, demands, distances

between each locations, and other information are also described. (Table 3.5)

With parameters and variables defined, minimizing costs including all of variable costs

and fixed costs is the objective of a mathematical model. The total cost consists of various

types of cost classified by location and functionality. (Table 3.6): Minimize

bFL1 + bFL2 + bR1 + bR2 + bTR + bPP1 + bPP2 + bTL (3.1)

s.t.

Cost Name

bFL1 Fuel location setup cost
bFL2 Fuel location operation cost
bR1 Route setup costs
bR2 Route operation costs
bTR Purchasing cost of transporters
bPP1 Setup costs of power plants
bPP2 Operation costs of power plants
bTL Setup costs of transmission lines and grid stations

Table 3.6: Objective function: Costs of energy supply chain model

∑
k∈K

qljk ≤ FRl
j · wlj for ∀j ∈ J and ∀l ∈ L, (3.2)

Fuel can be transported from a fuel location j to power plant location k after a fuel

location j is ready to produce fuel l. Total amount of fuel l supplied from j to PP

locations k must be less than the reserves of fuel l at a fuel location j.

bFL1 =
∑
j∈J

∑
l∈L

(FSlj · wlj) (3.3)

bFL2 =
∑
l∈L

FOl ·
∑
j∈J

∑
k∈K

qljk (3.4)
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Each fuel location has a different setup cost for each of fuel types, FSlj , and an unit

operating cost, FOl depends on the amount of fuel type l produced.

qljk ≤ FRl
j ·

∑
i∈I

(xiljk + zljk) for ∀j ∈ J, ∀k ∈ K and ∀l ∈ L, (3.5)

Fuel type l can be transported to a PP location, k by transporter type i, if a route or

a pipeline are entering in service between fuel location j and PP location k.

(xiljk + zljk) ≤M ·
∑
w∈W

ylwk for ∀j ∈ J, ∀k ∈ K, ∀i ∈ I and ∀l ∈ L, (3.6)

To operate power plants built at PP location k, then a route using a transportation

mode i or a pipeline must be connected to PP location k from j for fuel type l.

ntiljk ≤M · xiljk for ∀j ∈ J, ∀k ∈ K, ∀i ∈ I and ∀l ∈ L, (3.7)

Transporters are entering in service only if a route is in operation between j and k.

qljk ≤ (
∑
i∈I

TFil
jk · ntiljk) + (PFl

jk · zljk) for ∀j ∈ J, ∀k ∈ K and ∀l ∈ L, (3.8)

Transporters have different capacity, TFil
jk according to a different route between j

and k. Total capacity of a route should be equal to or larger than the amount of fuel

transported between these locations. And a pipeline is also considered with the capacity

PFl
jk.

ntiljk ≤ RTil
jk/SBi for ∀j ∈ J, ∀k ∈ K, ∀i ∈ I and ∀l ∈ L, (3.9)

It assumes that a transporter departs from fuel location j at least every given minutes
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after a previous one departed. SBi is a kind of safety buffer between transporters.

bR1 =
∑
i∈I

∑
j∈J

∑
k∈K

∑
l∈L

(RSiljk · xiljk) +
∑
j∈J

∑
k∈K

∑
l∈L

(PSljk · zljk) (3.10)

bR2 =
∑
i∈I

∑
j∈J

∑
k∈K

∑
l∈L

(ROil
jk ·Djk · qljk) (3.11)

Operating cost depends on distance and amount of fuel shipped via route. A fixed

cost is given as a j by k matrix, RSiljk.

bTR =
∑
i∈I

∑
l∈L

TPil ·
∑
j∈J

∑
k∈K

ntiljk (3.12)

TPil, is paid for purchasing a single transporter.∑
w∈W

(CRlw · elwk ) ≤
∑
j∈J

qljk for ∀k ∈ K and ∀l ∈ L, (3.13)

Fuel is converted to power with a conversion ration for different fuel type l.

elwk ≤ PCw · ylwk for ∀k ∈ K, ∀l ∈ L and ∀w ∈W, (3.14)

Electricity generated at k from fuel l with the capacity w, elwk is limited by the capacity

of power plant.

N∑
n=1

plkn ≤
W∑
w=1

elwk for ∀k ∈ K and ∀l ∈ L, (3.15)

The total amount of electricity supplied from a PP location, k, can’t exceed the amount

of electricity generated at PP location k.∑
l∈L

∑
w∈W

ylwk ≤ LPk for k ∈ K (3.16)
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A set, K, consists of subsets with different PP limitation. Each location has different

limitation because of environmental and security issues. For mine reserve areas, there is

no limitation to build power plants.

bPP1 =
∑
l∈L

∑
w∈W

∑
k∈K

(SClw
k · ylwk ) (3.17)

bPP2 =
∑
l∈L

∑
w∈W

∑
k∈K

(OClw
k · ylwk ) (3.18)

SClw
k is invested for building a single power plant with different capacity.

bTL =
K∑
k=1

SCTL
k ·

L∑
l=1

W∑
w=1

ylwk (3.19)

No operating cost is applied in this model, and a parameter, SCTL
k is a setup cost

matrix of transmission lines and grid stations dependent on PP location k.

GMl ·
N∑
n=1

Gn ≤
N∑
n=1

K∑
k=1

{(YLDkn) · plkn} for ∀l ∈ L. (3.20)

Supply of electricity should be equal to or greater than its demand at demand zone

n. It makes sure that the consumption of every demand zone meets supply of electricity.

Yield loss is 4.5% (HVAC) In reality, a projected % of consumption comes from each

type of fuel so that GM is given as %.
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3.3 Numerical Study

In this section, the practical example of Pakistan is used. Especially, coal fired en-

ergy suply chain is addressed and we present what benefits come from it. Government

plan is used the benchmark. Moreover, transmission types, HVAC and HVDC, are all

considered.

3.3.1 Practical Example: Pakistan and its Government’s Plan

We consider three coal mines such as the largest mine, Thar, the medium mine, Son-

da/Lakhra, and the smallest mine, Salt Range. Salt range may run out, but other mines

have eneough coal reserves. These mine locations also play a role as PP locations. And

there are 24 demand zones including big and small cities that have different PP limita-

tions respectively. Therefore 27 potential PP locations are considered. To ship coal from

mine to PP location, trains are considered via railway, but we don’t consider pipelines

due to the large amount of water needes.
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Figure 3.2: Major Coal Mines and Demand Zones

Based on basic assumptions discussed in chapter 3, we make additional assumptions

for a coal based energy supply network of Pakistan.

Assumption 2. Assumptions on the Coal-Fired Energy Supply Chain of Pakistan:

1. Three major coal mines, Thar, Sonda/Lakhra and Salt Range, are considered.(Figure
3.2) 98% of the country’s total coal reserves come from these mines.

2. With Thar, Sonda/Lakhra, and Salt Range reserves, 50,000MWh can be harnessed
for 500 years.

3. Salt Range may run out within 10 years for supplying 10,000MWh annually, but
other mines can supply 10.000MWh for 7,251 years and 350 years respectively.

4. Mine operating cost is $ 5.33 per ton, and it includes labor fee, and other variable
costs related to the operation of mine.

5. At Thar and Sonda/Lakhra, if they are chosen for mining, then the power plants
located at those locations must source coal locally. That is, no other mine can’t
supply coal to that mine being opened for mining. However, a PP location, Salt
Range, cansource coal from other mines because it may run out.

6. Railway setup cost is given as a parameter. Railway operating cost is $ 0.04 per
mile per ton.
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7. Power plants can be built at all of mines and at any demand zone. Thus 27 potential
locations totally exist.

8. Power plants used in this model are either 300MWh or 500MWh capacity.

9. Power plant is assumed to be operated at full capacity with a daily consumption of
coal at 2000 tons for 300MWh and 3,300 tons for 500 MWh.

10. Maximal number of power plants that can be built at each of PP locations is subject
to some constraints such as environmental issue, accessibility and etc.

Thar, Sonda/Lakhra, and Salt Range: Unlimited.

Small cities such that Khanpur, Badin, and etc: ≤ 10 power plants.

Other cities such that Karachi, Lahore, and etc: ≤ 5 power plants.

11. Build a power plant costs $ 1 billion and $ 2 billion for 300 MWh capacity and 500
MWh capacity respectively.

12. 2% of power plant setup cost is spent for operating any single power plant annually.
$ 20 million and $ 40 million are required for 300 MWh capacity and 500 MWh
capacity respectively.

13. Building a power plant at a mine requires new transmission; building it at a demand
zone requires upgrading of existing transmission network.

14. Transmission and grid station setup costs are dependant on PP location, and they
are given as a parameter.

15. 90% of the country’s total energy supply are consumed by 24 demand zones (Figure
3.2).

16. 20% and 60% of total consumption are asking for Punjob and Karachi respectively.

17. 14 big cities are major energy-consumption cities and 10 of them are smaller cities
but ideal locations for power plants.

18. 40% of total consumption comes from coal. It’s the global averge of energy mix.

19. Demand growth are increasing by 7% per year, and it’s also assumed that no sudden
variability of demand exists.

20. Models consider demand in the point of view of static aspect.

21. Thar, or Sonda/Lakhra mines meet a total electricity demand only if any mine is
solely used. However Salt Range mine runs out.
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22. At demand zone, electricity generated or supplied from new power plants are only
considered. The generation and supply of electricity from the system that has been
already operated are not considered in this model. A demand parameter is an extra
energy need that subtract power already in the system from total demand.

Figure 3.3: Coal-based Energy Supply Network: Single mine, single PP location, & 24 Demand zone (Left), 3
mines, 27 PP locations, & 24 demand zones (Right)

Government plan considers single mine, That to open for producing coal. and all of

power plants is planned to be built at the same location. From this location, electricity

spreads out cross the country. Thus it has single mine and single PP location, but 24

demand zones. we compare it with our model. (Figure 3.3)

3.3.2 The Effect of Energy Supply Chain Model

We demonstrate how an optimal solution outperforms government plan with various

metrics. Coal efficiency and unit cost per MWh consumed are indicated.(Figure 3.4) For

both plans, they supply enough electricity to all of demand zones. In addition, it always
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makes sure to use the minimum buget in energy sector. Let’s discuss new findings in the

results of optimal solution.

Figure 3.4: Gov. Plan v.s. Opt. Soln: Cost per MWh consumed & Coal burnt per MWh consumed

(b) of Figure 3.4 shows how much coal is burnt per MWh comsumed. It proves that

opt. solution is more environment friendly, which is approximately 69% to 83% compared

to government plan. We examine this ratio to explain why optimal PP location and mine

location problems do matter for optimally designing and managing energy supply chain.

Government plan spends much more coal than the optimal plan because all of power

plants are built at a single location, Thar and it transmits electricity from Thar to

everywhere. It means that much more yield loss exists in energy supply chain. Much

more power plants must be built and much more coal must be transported and burnt.

Therefore government plan spends higher budget in energy sector. ((a) of Figure 3.4)

And government plan opens the most expensive mine ($ 6 bil.) compare to other mines

($ 2 bil. & $ 500 mil.). Ours results in cost saving and greenhouse gas emission.
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Figure 3.5: Gov. Plan v.s. Opt. Soln: In/Outbound Costs

Total costs increases sharply in time horizon. (Figure 3.6) It’s explained with a pro-

jected demand. It assumes that demand grows by 7% annually. As compared to inboud

cost related to coal transportation, outbound cost takes approximately greater than 90%

of total investment in both of plans. (Figure 3.5). It clearly show that PP location is

the most critical issue in energy supply chain. An optimal solution uses less cost com-

pared to government plan. (Figure 3.6) Since both models assume that demand meet

fully supply, we can assume that the same GDP growth is realized. however, an optimal

solution shows that it has more net GDP due to less investment in energy sector. ((b)

of Figure 3.6) As expected from total cost comaprison, larger number of power plants is

asked to be built in government plan. Although two types of power plants are possible,

it merely built power plants of 500MWh because it costs doubly. (Figure 3.7)
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Figure 3.6: Gov. Plan v.s. Opt. Soln: Total Costs and Effect on Net GDP

Figure 3.7: Gov. Plan v.s. Opt. Soln: Power Plants built (300MWh & 500MWh)

Let’s see the distribusion of power plants and electricity across the country. An optimal

solution opens Salt Range mine only because it’s the least expensive. And it is the closest

from the largest demand zone so that it does have higher impact on a supply of electricity.
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Figure 3.8: Action Plan (Continuous Model): Coal Supply and PP location & Electricity Transmission: 5 years,
10 years, ..., and 20 years

It supplies Coal to PP locations near two major demand zones for the period of 5years,

and it expands a supply of coal to other PP locations. For a supply of electricity, it shows

that northern and southern areas source power locally near demand zones or near two

PP locations such as Sonda Lagkra or Salt Range closely located from major demand
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zones respectively. (Figure 3.8)

We also try to demonstrate benefits of different transmission system, which is here

defined as a HVDC (High Voltage Direct Current). A mathematical formulation is

slightly different from a HVAC model because HVDC transmission system has lower

yield loss, but higher setup cost for building transmission stations. (Appexdix)

This energy supply model with HVDC transmission system opens /it Salt Range only.

An optimal soltion shows similiar results in cost and coal efficiency with HVAC system

such as an optimal solution work better than a government plan. (Figure 3.9)

Figure 3.9: (HVDC) Gov. Plan v.s. Opt. Soln: Cost per MWh consumed & Coal burnt per MWh consumed

For government plan, HVDC reduces costs and an usage of coal due to lower yield

loss. However, it doesn’t make better outpur for an optimal solution compared to HVAC

system because HVDC need much more cost for building stations up to convert AC to

DC and invert DC to AC. HVAC system uses existing transmission system so that it is

needed to upgrade only, but HVDC system must build new lines that HVAC does not

require. And HVDC must build stations that costs more than HVAC. HVAC system
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only need sub-stations that push power up to demand zones. It also explain that PP

location and mine location matter for designing an energy supply chain. (Figure 3.10)

Figure 3.10: Comparision between HVAC and HVDC: Cost per MWh consumed & Coal burnt per MWh consumed

In HVDC system, outbound costs takes the most in total cost as well. And a decreasing

trend of cumulated inbound describes that infrastructures are built at the beginning so

that it has spent less cost over time as a supply of energy increases.

Figure 3.11: Comparision between HVAC and HVDC: In/Outbound Costs
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HVDC costs less in a government plan, but it doesn’t reduce cost in an optimal

solution due to higher cost of converting stations. Moreover, PP location and mine

location already affect on cost reduction in an optimal solution. (Figure 3.11)

Figure 3.12: Comparision between HVAC and HVDC: Power Plants built

Figure 3.13: (Comparision between HVAC and HVDC: Costs and Effect on Net GDP)

The thing to remember about what government plan is doing is that it can be really
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expensive. (Figure 3.12). 18 more power plants are required in HVAC. Even HVDC

is used, it requires more power plants since it consider neither PP location nor mine

location.

As it was assumed in HVAC model, enery consumption is the same for both government

plan and optimal solution. Therefore an impact on net GDP is addressed and two

different transmission systems are compared.When HVAC is applied, it makes out an

optimal plan wealthier since HVDC system doesn’t make a big gap between two plans.

(Figure 3.13)

3.4 Summary

Countries in Africa, Asia, and other regions are more likely to suffer from energy poverty

than enjoy economic prosperity. Like Gov plan of Pakistan, they try to make economy

wealthier than before. But what does it mean for most of people who still live in energy

poverty? It could not be realized with very limited budget. It doesn’t have to be this way.

Extreme energy poverty is far from being eliminated. Their story could be so different

so that we focused turns from energy poverty to prosperity (security) as energy deficit

ebbs in these countries, and our model tries to strategically integrates all of players such

as fuel location, power plants, and demand zones for fully utilizing it at lower cost.

Our study suggests that it’s the optimal solutions edge over any existing plan: strategi-

cally utilizes all of possible resources and infrastructure. Results of example of Pakistan

show that an optimal solution can outperform government plan because it can establish

a difference that it can preserve SCM principles. Our study also addresses an applica-
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tion of every existing transmission system so that it can be a good tool for designing

an energy supply chain in practice. It delvers greater value to demand zones and estab-

lishes comparable value at a lower cost. The calculation of greater profitability is then

realized; greater efficiency results in lower Investment budget. Finally economic growth

will reawaken soon in those countries.
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Chapter 4

Designing Energy and Water

Supply Chains

4.1 Introduction

“As the world charts a more sustainable future, the crucial interplay among water, food

and energy is one of the most formidable challenges we face. Without water there is no

dignity and no escape from poverty.” United Nations Secretary-General Ban Ki-moon

on his message for World Water Day 2011.

4.1.1 The Water, Food, Energy and Flood Nexus

Water is a blessing; it is not only an indispensible element of human life but also brings

about many economic benefits, such as food and energy. However, achieving water,

energy and food security for all is still one of the greatest challenges facing humankind.
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As of today, nearly one billion people lack access to safe drinking water, one billion

people suffer from hunger and 2.5 billion people do not have access to electricity (FAO

2014, IEA 2006).

Geographically, energy deficient regions are highly correlated with those facing food

shortage and economic water scarcity. South and east Asia and Sub-Saharan Africa are

the regions in the world with the lowest electricity consumption per capita. For instance,

the electricity consumption per capita is 480.5 kWh in India, 460 kWh in Pakistan, and

36.3 kWh in Ethiopia, far below the world’s average of 2596 kWh (IEA 2014). Su-

Saharan Africa, in particular, has two thirds of its population, about 585 million people,

no access to electricity (IEA, 2011). The same regions also suffer severe malnutrition

and economic water scarcity. For instance, more than half of the sub-Saharan African

countries have 25% or more of their population undernourished; water resources are

abundant relative to that withdrawn for human benefits (Earthscan 2011).

The situation can get worse in the future as population growth and economic develop-

ment accelerate demand for food, water and energy. As predicted by UNDESA (2009),

the world population is expected to grow from 6.9 billion in 2010 to 9.1 billion in 2050.

By 2050, global demand for food is predicted to increase by 60-70% (Bruinsma 2009,

FAO 2009), demand for energy and water will increase by 80% and 55% respectively

(OECD Environmental Outlook 2014).

Water is also a curse because flood is the top killer among all natural disasters. Glob-

ally, floods accounted for 31% of all natural disasters that occurred in the 20th century

(Guha-Sapir et al. 2012), but 84% of all disaster-related deaths between 2000 and 2005,
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and 65% of disaster-related economic losses between 1992 and 2001 (ADB 2009). Asia

is the continent suffering the most from flood - during 1900-2012, flood disasters in Asia

(40% of worlds total) resulted in 6.8 million deaths (98% of deaths worldwide), displaced

3.4 billion persons (95% of affected persons worldwide), and caused $330 billion (60% of

worlds total) in economic losses (Sodhi, Tang 2014).

As advocated by Food and Agriculture Organization (FAO) of the United Nations

in 2014, the issues of water, food, energy and flood are highly interconnected in the

context of sustainable development of economy and society for developing countries. For

instance, increasing agricultural output will substantially increase water consumption

because agriculture accounts for 70% of the global freshwater withdrawal (FAO 2014).

Seasonal fluctuations in precipitation cause floods and droughts alternatively. Running

water in rivers can generate energy and hydropower presents the largest renewable source

of electricity generation. Finally, the economy and public budget for infrastructure

development of developing countries depends heavily on their energy consumption and

agriculture output but are negatively affected by the severe issues of flood.

4.1.2 Hydropower Development - A Priority

The development of hydropower has the potential of addressing the interconnected issues

of water, food, energy and flood all in the same time. Thus, it plays a critical role in

sustainable development and economic prosperity of many countries. Hydropower sys-

tems provide not only electricity but also many economic benefits such as flood control,

irrigation and water supply, by enhancing security against fluctuations in the availability
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of water and thus benefiting users throughout the year.

Hydropower is the most common form of renewable energy (IEA 2011). It is clean and

efficient with the best turbines having hydraulic efficiency in the range 80 to over 90%

(Renewables First 2016). It is reliable and viable for massive energy production and also

represents a flexible peak-load technology (IHA 2014). Economically, the generating cost

of hydroelectricity is relatively low, making it a competitive source of renewable energy

(Cheng, Shen, Wu, Chau 2012). Hydro reserves are widely available and the enabling

technology is proven with relatively low technical requirement (e.g., relative to nuclear),

thus they are accessible to and feasible for many developing countries. Currently, it

provides a significant portion (15% in 2007) of the worlds total electricity supply and is

used in over 150 countries (World Energy Council 2013).

It is estimated that two-thirds of the worlds economically feasible potential of hy-

dropower is yet exploited (WEC, 2010). Developing countries, such as those in Africa,

Asia and Latin America, have an especially high percentage of unexploited hydro re-

sources. For example, 12% of the worlds hydropower potential is found in Africa, but

only 5-10% of the potential is captured, in sharp contrast to the worlds average of 20%

(van der Wat 2013). The lack of hydropower facilities in developing countries, not only

leaves a majority of their population no access to electricity, but also provides no means

for the government to handle the alternating issues of drought and flood. The result is

that a large portion of the agricultural land cannot be irrigated, meanwhile severe floods

occur frequently and cause significant damages and casualties.

The case of Pakistan is exemplary. Pakistan is suffering severe energy deficiencies in
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recent years despite its abundant hydropower resources. On one hand, the country has

a 6,000 MWh shortfall out of 16,000 MWh total consumption in 2011, a nearly 40%

deficit. On the other hand, Pakistan has rich hydro resources - the Indus river system

runs across the entire country from the highest mountain in the world, the Himalayan

in the north, to Arabic sea in the south within 1000 miles. However, only 11% of the

collective hydropower potential is captured.

In addition to energy deficiency, Pakistan also suffers significant irrigation issues and

severe flood damages. Pakistan is an agriculture country where more than 138 million

people depend on irrigated agriculture for their livelihoods in the cultivated areas of

about 14 million hectares in the flood plains of the Indus river (ADB 2013). However,

only about 50% of all agricultural land in Pakistan is irrigated. Improving irrigation can

significantly improve the economy and society of the country as agriculture contributes

to about 25% of the GDP and 45% of employment. Flood is another major issue related

to water resource develeopment due to the monsoon season - the seasonal variation of

precipitation. In Pakistan, floods and rain account for nearly 91.4% in economic losses

among all natural disasters. Between 1950 and 2011, there is a major flood almost every

3 years. On average, the annual flood damage from 1960 to 2011 was about 1% of the

mean annual GDP (Luo, Maddocks, Iceland 2015).

Recognizing the potential of hydropower, the Beijing Declaration agreed at the United

Nations Symposium on Hydropower and Sustainable Development in 2004 pledged “the

developing countries and undeveloped countries to pay considerable attention and pri-

oritize the development of hydropower for poverty reduction, achieving the Millennium
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Development Goals, promoting the sustainable development of the economy and society

and improving the environment.”

Many governments in the developing world, including Pakistan, have prioritized hy-

dropower projects. But significant challenges lie in the efficient exploitation and uti-

lization of hydro-resources to meet the diverse needs of energy, food and flood control,

especially under tight financial resources. In 2014, FAO called for studies on the nexus

among water, food and energy; it also emphasized a systematic thinking to identify

synergies and trade-offs among different development goals, and to conduct quantita-

tive study to maximize the overall benefits in the long term by taking into account the

dynamic nature of complex systems.

In response to the call of FAO 2014, we develop mathematical models in this paper

to capture the nexus of water, food, energy and flood and provide solutions and insights

to efficiently expand hydropower network under limited budgets to meet the diverse

needs of energy, irrigation and flood control. The objective is to enhance energy and

food supply, mitigate flood damages and achieve the overall economic prosperity for

developing countries with abundant hydropower reserves.

4.1.3 Hydro Supply Chains

To capture the interconnected issues of water, food, energy and flood, we present the

hydro supply chain concept to encompass the system-wide perspective from hydropower

network on a river system to the distribution of water and power to various demand

zones. Specifically, a hydro supply chain includes the river system, hydropower facilities,
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water and energy demand zones, their linkages to the hydropower facilities (transmission

network, canal and pipe system), and flood zones (see Figure 4.1). Electricity is generated

at hydropower plants and transmitted (distributed) via the transmission network to

energy demand zones (e.g., cities, industrial and commercial hubs); water is withdrawn

by the hydropower facilities and distributed via the canal and pipe systems to water

demand zones (e.g., farmland, cities). Finally, excessive water may overflow from the

river basin to nearby flood zones. We first note that the major energy demand zones

may not overlap with the major water demand zones especially for developing countries

whose economies rely heavily on agriculture. Second, both demand zones can be far

away from the river basin, along which flood zones are typically located.

Figure 4.1: Hydro supply chain.

Despite many variations, there are essentially two types of hydropower facilities: a dam

and a barrage. The key difference between them is the reservoir. A dam has a reservoir

behind it from which water is taken to drive hydraulic turbines in the powerhouse. A

barrage (also called run-of-river, or ROR) has no reservoir, instead it takes water directly
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from the river to the powerhouse where the turbines are installed. A dam can generate

energy and store water, thus it provides a buffer against fluctuations in precipitation

to ensure more stable water supply and better flood control. A barrage, on the other

hand, can generate energy but cannot store water, thus it provides a limited or no flood

control and its water supply varies by season. Dams are typically more expensive and

take longer to build than barrages. The choices of the type and capacity (power and

storage) are site dependent (Silva 1991).

A hydro supply chain in a developing country has the following features and economics:

1. The hydropower network should serve multiple needs including energy, irrigation

and flood control coming from dispersed and non-overlapping zones. Water used

for irrigation typically is not used for power generation, and vice versa.

2. Hydropower facilities with reservoirs (i.e., water storage capacities) can moderate

the variation of water availability (e.g., precipitation) across seasons. Thus they

serve multiple purposes such as water storage, irrigation and control flood.

3. Consecutive hydropower facilities on the same river system interact with each other

as they divide up local precipitation and one’s flow control decisions (withdraw,

release, store) affect all others downstream.

4. Yield losses in power transmission (Kessides 2013) and water distribution (FAO

2016, Seckler 1998) cannot be ignored; evaporation loss on stored water must be

considered (Mcjannet 2013).

5. Irrigation contributes to agriculture output; power consumption and agriculture
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contribute to the economy; less flood reduces the economic losses.

These features, except the yield losses in power transmission and the dependence between

energy and economy, are not shared by other power sources but unique to hydropower.

In this paper, we take the standpoint of governments (or their representing agencies) in

developing hydropower because in developing countries, it is often the government who

leads the development effort of basic infrastructure through public funds. In the case

of Pakistan, the representing agency is its Water and Power Development Authorities

(WAPDA). To design a hydro supply chain from a government perspective, we shall focus

on strategic and tactic decisions such as hydropower location, portfolio (size, type), and

sequence (or timing), distribution decisions of power and water from each facility to each

demand zone, and water control decisions (withdraw, release, storage) at facilities over

time.

4.1.4 Synergy, Trade-offs and Dynamics

To optimize hydro supply chains for developing countries with limited financial resources,

we shall identify the synergies, trade-offs and dynamics in these interacting and dynamic

systems with multiple development goals.

Interacting facilities, synergies and conflicts. Working together, the network of

hydropower facilities can regulate seasonal precipitation and achieve the synergies be-

tween securing water supply for irrigation in the dry season and controlling flood in the

raining season. To ensure that they work in harmony, however, we must consider their

interaction. Specifically, hydropower facilities on the same river system can strongly
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interact with each other in a cascading way similar to multi-echelon inventory systems.

That is, the inflow of a facility is proportional to the released outflow of its immediate

upstream facilities plus local precipitation. Thus, more water stored or used at upstream

reduces the flow to downstream. The interaction leads to conflicting requirements on

hydropower network between flood prevention and irrigation. In the raining season, the

facilities share the load in flood control, and so more facilities may be preferred. In the

dry season, facilities may compete for water, and so fewer facilities may be preferred.

The implication is that hydropower facilities shouldn’t be planned in isolation of each

other, but should be planned jointly and spaced out strategically to complement (rather

than fight) each other and achieve the best overall performance.

The collective needs of irrigation and flood control are also inherently conflicting with

that of power generation because more storage of water (more dams) can better serve the

purpose of irrigation and flood control but incurs higher evaporation losses and leaves

less water for power generation. Because barrages are typically cheaper to build than

dams, thus they are preferred to dams if there is no need to store water. Thus these

conflicting objectives essentially lead to the issue of mix between dams and barrages,

that is, if power generation is more desirable than irrigation and flood control, then

more dams (fewer barrages) should be built under the limited budget. In practice, we

observe opposite strategies as some countries (e.g., Pakistan) build mostly barrages while

others (Congo) just dams (Kermeliotis 2016).

The cost trade-offs. The design of hydro supply chain involves multiple cost trade-

offs. First, we must balance the supply vs. demand best locations for hydropower.
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Supply best locations (i.e., ideal locations from a supply perspective) are those with ideal

geological conditions (e.g., in mountain areas), and thus having the lowest unit setup

cost and largest installed capacity. Demand best locations (i.e., ideal locations from

a demand perspective), on the other hand, are those close to geographically dispersed

major demand zones and/or flood zones (e.g., in flood plains), and thus can meet the

diverse needs at the lowest yield losses. Clearly, a supply best location may not be

demand best (and vice versa) as it can be far away from the demand and flood zones; so

their functions of energy and water supply and flood control are diminished via distance.

Second, the hydropower location must balance the needs of different sectors (devel-

opment goals) because energy demand zones may not overlap with water demand zones

and flood zones (see Figure 4.2 for an example of Pakistan). Thus the best hydropower

location for energy may not be the best for irrigation and flood prevention. The cost

trade-offs highlight the impact of distribution yield losses on hydropower locations and

the challenge in selecting the few from the many potential sites with different cost and

capacity.

Different ways to handle these cost trade-offs lead to different practices. For instance,

the supply best locations drove the site selection decisions in many developing coun-

tries (Pakistan, Figure 4.2, Congo, Kermeliotis 2016) where a few sites with the largest

capacity and lowest unit cost are picked. Doing so achieves the economics of scale in

setting up the facilities but loses the location flexibility of the opposite strategy that

builds many small sites (Kenya, Turkey - Yuksek, et al. 2006, and China in the 1950s,

Lewis 2013) under the same budget. Or a hybrid strategy, e.g., the Brazilian and Chi-
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nese hydropower systems are composed of a few very large storage reservoirs and many

medium- and small-sized hydropower plants (Barros, et al. 2003).

Figure 4.2: Pakistan map of existing and potential hydropower locations, demand and flood
zones. Source: PPIB 2011.

Another pair of popular but opposite practices is the concentrated or dispersed hy-

dropower locations. The supply best locations are highly concentrated in the mountain

area (e.g., Pakistan, the far north part of the country, see Figure 4.2), but the demand

locations may scatter across the entire country. Concentrating hydropower facilities in

the supply best locations (Pakistan, Figure 2) achieve cost efficiency in facility con-

struction but loses location flexibility of the dispersion strategy (e.g., China) to meet

demand and prevent flood. This is true not only because the supply best locations can

be far away from the demand and flood zones, but also because of the interaction among

the hydropower facilities (e.g., competition for water) which may negatively affect their

irrigation and flood control functions.

The time trade-off. Finally, the tight financial resources affect the ways in which
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developing countries expand their hydropower networks. The financial resources for

infrastructure development of hydro resources often come from public funds that strongly

depend on the economy, which, in turn, depends on energy consumption, irrigation and

flood control. This water-economy cycle implies an important time trade-off, where fast

influx of new energy and irrigation water, and quick resolution to flood issues can boost

economy quickly which leads to more budget available for future development. Such

a dynamic interaction among budget, development and economy cannot be ignored for

these countries.

The time trade-off affects the sequence of site selection. Some developing countries

(Pakistan, Congo) choose to build large sites first, while others built small site first

(Kenya, China in 1950s’). Small sites tend to have higher unit costs but are quicker to

build and faster to impact, while large sites may save construction cost unit-wise but

take a longer time. Similar concerns apply to the sequence of building dams and barrages

where barrages have fewer functions but are quicker to impact than dams. Regardless of

the strategies, we must plan hydropower sites strategically over time by leaving space to

build more in the future in order to maximize their synergies and avoid their conflicts.

4.1.5 Research Questions and Main Results

The synergy, trade-offs, and dynamics of hydro supply chains lead us to the following

research questions: How to build up a hydropower network under limited financial re-

sources to effectively meet the diverse needs of energy, irrigation and flood control from

dispersed and non-overlapping demand zones? How does the limited financial resources
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and its resulting time trade-off shape up the best course of hydropower expansion deci-

sions (location, mix and sequence) over time? Regarding the popular practices, we ask

more specific questions: Given limited budgets, should we build a few large hydropower

sites at concentrated supply best locations or many small sites and spread them out to

dispersed demand best locations? How to locate the hydropower facilities to balance the

yield losses between power and water distribution? What is the optimal mix of dams

and barrages to serve the conflicting needs of power generation, water supply and flood

control? Given a portfolio of sites with different capacities (large and small) and types

(barrage and dam), what is the optimal sequence to build them?

In this paper, we take a supply chain management perspective of water resources

development in developing countries and define the concept of ”hydro supply chains”

which encompasses an end-to-end view from interacting hydropower facilities to power

and water distribution and to demand and flood zones. We mathematically model the

nexus of water, food, energy and flood in hydro supply chains and present a new class of

location optimization models to expand hydropower network under limited budget for

energy security, irrigation and flood control. The model captures the unique features

and economics of hydropower in developing countries such as heavy yield losses in water

and power distribution, diverse needs of dispersed demand and flood zones, synergy and

conflict among multiple development goals, and the dynamic interaction among water

resource development, economy and budget.

Applying the model to the real life case of Pakistan, we generate solutions that can

significantly outperform common practices in all dimensions of energy consumption,
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irrigation and flood control. Specifically, the solution first builds up many small hydro

(dams and barrages) sites close to demand and flood zones to have a quick impact on the

economy; with more funding available it then builds up large sites in more remote areas.

In all scenarios, the hydrpower sites are spread out strategically to leave space for the

others to be built in the future. The optimal solution follows a hybrid approach that first

opens demand best sites then supply best sites; thus it differs from common practices

which are driven either by supply best locations or by demand best locations. Our

results demonstrate the value of the supply chain perspectives in hydropower network

expansion by showing the impact of distribution decisions on the location of hydropower

sites and how the water-economy cycle (time trade-off) shapes up the sequence of the

sites. A sensitivity study is performed to test the robustness of the results and the impact

of various system parameters. We also provide insights on the relative performance of

popular but opposite practices for developing countries with limited financial resources.

The rest of this paper is organized as follows: In Section 4.2, we review the related

literature, point out the unique features of the problems consider in this paper, and

elaborate on our contributions. In Section 4.3, we present assumptions, justifications

and the modeling framework, as well as models to capture facility interaction and nexus

of flood, power and irrigation. In Section 4.4, we provide the mathematical formulation

of the mix-integer programming (MIP) model. In Section 4.5, we apply the model to

the real-life example of Pakistan to generate solutions and develop insights. Section 4.6

concludes this paper.
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4.2 Literature Review

The development of hydropower network to address the nexus of water, food, energy and

flood is a topic lying at the interfaces of water resources management and development,

energy system planning, and operations research and management. We shall review

closely related work in each area and point out the contribution of this work.

Water Resources Management. The control of water flow in multi-reservoir systems

has been studied extensively in the water resource management literature. The decisions

are centered around water storage, routing, usage and releasing subject to a variety of

problem specific constraints, for purposes such as energy generation (Grygier and Ste-

dinger 1985), flood control (Windsor 1973), and irrigation (Cai, et al 2002). Yeh (1985)

and Wurbs (1993) provide reviews of this area with respect to the issues, models and op-

timization algorithms. More recent work also included water distribution, deliveries and

movement among regions, please see Jenkins (2004) and Harou (2009). Cai, et al (2002)

considers distribution efficiency in water resource management for irrigation. Hu, et al.

(2015) describes an application to optimize the generation portfolio of a six-dam system

in real time to meet the requirements of flood control and electricity reliability under

uncertainty. However, this literature focuses on the optimal control and management of

established water resources systems without network expansion and location decisions.

Capacity Expansion in Water Resource Systems. Capacity expansion planning of

water resource systems determines future expansion in time, size and locations of assets to

meet the increasing demand of a specific commodity. The early work in this literature fo-
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cuses on sequencing capacity expansion projects for power and/or water demand without

considering the spatial configuration of the system (e.g., Erlenkotter 1973). O’Laoghaire

and Himmelblau (1971, 1972, 1974) study the expansion of hydropower network on a

river system to optimize net irrigation and energy benefit subject to budget, demand,

flow balancing and institutional constraints. The flow control issues are also considered

in the network expansion models by other authors, such as Martin (1987) which separates

the problem into capital investment and system operation subproblems, and solves them

by network optimization models and a dynamic programming algorithm. Luss (1982)

provides a thorough review of general capacity expansion models with applications in

water resources development.

More recent work in this literature considers distribution decisions. For instance, Hsu,

et al. (2008) provides a network flow model to optimize water distribution which helps

to identify the bottlenecks. Based on the results, capacity expansion alternatives are

proposed and evaluated iteratively. Beh, et al. (2014) studies the sequencing of water

supply projects by incorporating alternative supply sources and multiple objectives, in-

cluding cost and greenhouse gas (GHG) emissions. Padula (2015) provides a thorough

review of the recent development in this literature.

Most work in this literature focuses on developed countries, from which developing or

undeveloped countries have many distinct features.

1. The hydropower network is barely existent, government often takes the lead in the

development through public funds.
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2. The issues of energy, water (irrigation) and flood are interconnected and equally

important for the economy and society.

3. Heavy yield losses in power and water distribution due to aging and poorly main-

tained infrastructure.

4. Limited financial resources which depend on economy, which, in turn, depends on

the development of water resources systems.

Developed countries are quite on the contrary, where the system is well established

and it is often the market and individual companies that drive the development while

government plays an indirect role by designing policies. In developed countries, flood is

often a lesser issue than energy and water supply and thus rarely considered together

with the other two. Likewise, yield losses can be minor and many studies do not consider

dispersed demand zones but just lump all demand together regardless of their locations.

To our best knowledge, the yield losses of water and power is yet considered together

in this literature. Finally, this literature either does not consider budget or consider

exogenous budget.

Our work incorporates these unique features and contributes to this literature in the

following ways: First, we expand the existing literature to include all three develop-

ment goals, i.e., energy, water and flood, by mathematically modeling their nexus to

capture their synergies and conflicts. Second, we provide the end-to-end perspective to

this literature by including both power and water distribution decisions with distance-

based yield losses in the hydropower network expansion decisions. Third, we consider
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endogenous budget that depends on the economy, which in turn, depends on effective

development and utilization of the hydropower system to balance the conflicting goals

of energy consumption, irrigation and flood control.

Energy system planning. The literature plans integrated energy systems with a

portfolio of power generating technologies (including hydropower) at a strategic level for

a country or a region. One most notable class of models, the MARKAL family models,

aims at minimizing the total cost of providing energy to meet the demand of diverse

industry sectors. The MARKAL-MACRO model further links energy system planning

to macro-economics through supply-demand dynamics and energy cost. We refer the

reader to Connolly, Lund, Mathiesen and Leahy (2010) for a thorough review. Models

in this literature typically do not consider budget constraints except Kuby, et al. (1993)

which provides a strategic planning model for China’s thermal, hydro and nuclear power

generations, fuel transportation, and electricity delivery under exogenous budgets.

Most work in this literature focuses on cost efficiency and environmental issues - im-

portant to developed countries, but it typically does not model the detailed interaction

among hydropower facilities, and has yet considered energy, irrigation and flood control

issues jointly important and interconnected issues in developing countries (FAO 2014).

As pointed out by Urban, et al (2007) and Bhattachrayya and Timilsina (2010), exist-

ing models established for developed countries may not be appropriate for developing

countries due to distinct issues and features. In the context of hydropower development

in particular, unique issues and features to the developing countries include the equally

important impact of agriculture, energy and flood on the economy, the heavy yield losses
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in both power and water distribution, and the time trade-off (induced by limited finan-

cial resources and the leading role of the government). These features are rarely studied

in existing literature but can play a significant role in the expansion of hydropower net-

works. Our work extends the energy system planning literature to embrace connected

issues in other sectors, such as irrigation and flood control, and captures the unique

features of hydropower expansion in developing countries.

Operations research and operations management. As we discussed in Section

4.1.4, the flow control problem of a multi-reservoir system bears much similarity to

the inventory control problem in multi-echelon inventory system (see, e.g., Zipkin 2000,

Simchi-Levi and Zhao 2012). Specifically, the flow balancing model with evaporation

loss is similar to a multi-echelon inventory model with external demand and supply at

every stage where inventory is subject to deterioration proportional to the storage time.

The water control problem in single dam under stochastic inflow is also studied in this

literature, see Prabhu (1998). This paper uses the flow control model with predictable

inflows and demand as a building block in the optimal expansion of the hydropower

network.

The dynamic facility location problem with budget constraints provides many mod-

eling techniques and solution approaches useful for our study, we refer the readers to

Daskin, Snyder and Berger (2005), Snyder (2006) and Shen (2007) for thorough reviews

of the literature. Rafique, Mun and Zhao (2015) develops a model to build up coal-fired

energy supply chain under limited budget for energy security and economic prosperity.

They consider both cost and time trade-offs in the energy sector and provide not only



62

optimal but also politically feasible solutions.

This paper generalizes the energy supply chain concept from coal to hydro which

encompasses much broader issues from energy to irrigation and flood control. These

issues have synergies but also conflicts, and lead to different cost trade-offs. Specifically,

rather than a balance between inbound and outbound costs for coal-fired energy supply

chains, the cost trade-offs for a hydro supply chain are driven by the balance between

economies of scale and yield losses, as well as conflicting development goals in different

sectors. Second, hydro resource has different features and economics from coal, for

instance, it does not have fuel transportation issues but the interaction of facilities and

seasonally varying requirement. Third, the time trade-off is enriched from the energy-

economy cycle (coal) to the water-economy cycle (hydro), where energy, agriculture

(irrigation) and flood control all contribute significantly to the economy, but they share

the water resources and pull hydropower locations in different directions. These new

issues are further complicated by site-dependent type, cost, and time. In this paper,

we build new models for hydro-resource planning of developing countries to capture the

energy, irrigation and flood nexus. We produce new solutions and provide new insights

on the relative performance among various popular but different practices.

Finally, recent research on socially responsible operations in this literature has shown

great promises in both theory and practice. For instance, Dawande, et al. (2013) studies

the efficiency and equity in irrigation water distribution between primary and secondary

farms, and designs decentralized and individually rational mechanisms to achieve socially

optimal distribution of surface water in a farming community. Our work expands and
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contributes to this growing body of knowledge by studying the interconnected issues of

water, energy, food and flood in developing countries for the sustainable development of

the economy.

4.3 Modeling Framework

In this section, we present our modeling framework for the hydro supply chain from in-

teracting hydropower facilities to water and power distribution, and to diverse demand

and flood zones. We shall first make assumptions and justify them by common prac-

tice and industry standard in Section 4.3.1, and then describe the mathematical model

(namely, the cascading model) of flow control in Section 4.3.2. We next characterize the

nexus of water, energy and flood in Section 4.3.3, and present a conceptual framework

on the structure of the mathematical model in Section 4.3.4.

4.3.1 Assumptions and Justifications

Figure 4.3 provides an overview of the network structure.

Figure 4.3: A model for hydro supply chain.

A hydro supply chain consists of the following key elements: the river system, hy-
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dropower network, distribution (power and water) networks, and demand and flood

zones. The input to the river system (precipitation, surface and underground water)

is exogenous and studied thoroughly by natural science disciplines, such as hydrology,

meteorology and geology. The hydropower network (existing and potential sites) can be

managed by either government agencies (e.g., WAPDA in Pakistan) or private compa-

nies (in developed countries). Likewise, power and water distribution can be managed

by either public or private transmission, irrigation and utility companies.

We make the following general modeling assumptions.

Assumption 3. General assumptions on the hydro supply chain:

1. The river system has a tree structure where potential hydropower locations are

identified, indexed by j ∈ JP where the set JP has a cardinality JP . For each

location, there is an ideal type of hydrpower facility with known parameters such

as construction cost and time, installed capacity (for power), storage capacity (for

water) and energy convension rate (from water flow to energy generation). The

existing hydropower facilities are indexed by j ∈ JE (cardinality JE) with known

locations and parameters. Let J = JP ∪ JE and J be the cardinality. We define

segment j of the river system to be the river basin between location j ∈ J and all

of its immediate upstream locations.

2. We consider a planning horizon of multiple periods (one period = a season = half

year) as indexed by t = 1, 2, . . . , T .

3. All major demand zones (each at a different location) are identified. There are two
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types of demand zones: Electricity demand zones, KE, indexed by k = 1, 2, . . . ,KE,

and water demand zones (e.g., farmland), KW , indexed by k = 1, 2, . . . ,KW . De-

mand (for electricity and water) is projected at each demand zone for each period

of the planning horizon.

4. Water used for irrigation typically cannot be used for power generation and vice

versa.

5. A hydropower site can serve any electricity demand zone but cannot supply water

to a water demand zone (e.g., irrigating a farmland) too far upstream. An energy

(water) demand zone can be supplied by multiple hydropower sites.

6. An annual (real) GDP depends strongly on power consumption, irrigation and

flooded water in that year.

7. The public fund allocated to the development of hydropower system each year de-

pends on the past year’s real GDP.

8. The construction of a hydropower facility must be completed without preemption.

9. All non-hydropower related existing power supplies (e.g., oil and gas) and water

supplies (e.g., wells and lakes) run as BAU (business as usual).

The first assumption in Assumption 3 holds true in general for most developing coun-

tries. The potential sites for hydropower facilities and their parameters depend on many

factors such as topography, geology, hydrology, and land use (Baban 2003). Each site is

unique and ideal either for a dam or a barrage. For instance, barrage is generally built on
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flat terrain across wide and meandering rivers, while the best places for building a dam

is a narrow part of a deep river valley. The second assumption is based on the monsoon

seasons (or dry and rainy seasons) which take place in many developing countries in

topical areas, ranging from south Asia, Sub-Saharan Africa, to Latin America. These

seasons last from 4 months to 7 months and have clearly recognizable patterns of precip-

itation. The third assumption holds true because energy demand at an aggregated level

of a demand zone follows a clear pattern that is documented and can be projected by the

government. Similarly, the water demand (e.g., for irrigation) can be estimated at an

aggregated level for each major farming area over each season by the government. The

fourth assumption can be justified by the water resources management literature, please

see O’Laoghaire and Himmelblau (1974), Grygier and Stedinger (1985), Cai, McKinney

and Lasdon (2002), and Barber (2009). The fifth assumption holds because it is not

practical for a hydropower facility to supply water to demand zones too far upstream

due to significant energy required to pump up water, additional cost required to build

temporary water storage sites, and yield (e.g., seepage) losses in water distribution.

To justify the sixth assumption, we first note that the dependence of economy (GDP)

on energy consumption is well documented for Pakistan (Tang and Shahbaz 2013) and

other countries around the world (Menegaki 2014). Second, agriculture often contributes

significantly to the GDP for developing countries. Because irrigation is vital to agricul-

ture output (Dawande 2013), thus it is critical to the GDP. Third, flood damage reduces

GDP - a fact well studied for Pakistan in particular (Asian Development Bank 2013) and

other countries in general (Shabnam 2014). The strong dependence is verified by our
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empirical study based on Pakistan’s data (Section 4.5). The seventh assumption comes

from the government’s public funding allocation practice (Federal Budget Publications

of Pakistan 2014-15). In each year, a certain percentage of the total available fund is

allocated to the hydropower sector, where the total amount depends on the economic

status (GDP), and the percentage depends on competing priorities and has to be decided

by the government. We use real GDP to eliminate the impact of inflation. The eighth

assumption is made based on the current practice in Pakistan (via communication with

WAPDA) and for convenience. We make the last assumption to focus on hydropower

development.

4.3.2 The Cascading Model

The cascading model (or flow balance model) is developed and studied in the water re-

source management literature, see Windsor (1973) and Grygier and Stedinger (1985).

Because of the central role that it plays in the optimization of the much broader hy-

dropower development problem, we present a concise expression of this model for river

systems of a general topology.

We make the following assumptions.

Assumption 4. Water flow assumptions:

1. The net (external) inflow at each segment of the river, including local precipita-

tion, underground and surface water (but not water from the upstream of the river

system) less leakage, can be forecasted for each period of the planning horizon.
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2. Evaporation loss of stored water in dams (with reservoir) cannot be ignored but

such loss of running rivers can be ignored.

To justify the first assumption in Assumption 4, we note that governments typically

have detailed meteorological and hydrological data, based on which one can estimate

the net external inflow for each period at each segment of the river system. The second

assumption is valid because the annual evaporation loss of stored water in dams can

be 40% in topical areas (Miller 2005, O’Laoghaire and Himmelblau 1974). However,

evaporation loss of running water in rivers is negligible due to their short time of exposure.

For instance, a running river at a normal speed of 5 miles a hour just takes 200 hours

(less than 10 days) to cross 1000 miles.

To present the cascading model in a general structure river system, we introduce a

concise notation - the adjacent matrix. For each hydropower location j ∈ J , we identify

the immediate upstream locations j′ ∈ J by a matrix, X, of the following form: for

j′ 6= j, Xj,j′ = 1 if j′ is an immediate upstream location of j, Xj,j′ = 0 otherwise. Figure

4.4 shows an example of a river system with multiple branches and hydropower sites,

and the corresponding Xj,j′ .

Figure 4.4: An example of a river system and the Xj,j′ .
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In general, Xj,j′ can be written as

Xj,j′ =



0 if j is at the most upstream,

> 1 if j is at a merged point of multiple branches,

1 otherwise.

(4.1)

We now introduce notation. We follow the convention of using upper-case letters for

parameters and lower-case letters for variables.

• Aj,t: Net external inflow to segment j of the river system (that is, the river basin

between location j and all of its immediate upstream locations) in period t.

• η: The yield after accounting for evaporation loss for the stored water in reservoirs

for a period.

• sj,t: The stored water at location j at the end of the period t.

• Cj : The (water) storage capacity of the facility in location j.

• uj,k,t: Water used (withdrawn for irrigation, etc.) in the period t from location j

for demand zone k.

• qj,t: Total water flowing into location j in period t.

• oj,t: Total water flowing out of location j in period t to the river downstream; note

that oj,t does not include uj,k,t.

To write out the flow balance equation at location j, we consider two cases: If a

hydropower facility is in operation at location j in period t, then the water flow into
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location j is,

qj,t =
∑
j′

Xj,j′ × oj′,t +Aj,t. (4.2)

Water stored at location j at the end of period t is,

sj,t = η × (sj,t−1 + qj,t − oj,t −
∑
k

uj,k,t), sj,t ≤ Cj . (4.3)

If a hydropower facility is yet in operation at location j in period t, then

oj,t = qj,t, , sj,t = uj,k,t = 0for allk. (4.4)

4.3.3 The Water, Energy and Flood Nexus

We first discuss the model for flood and its connection to the cascading model.

Assumption 5. Flood control assumptions:

1. Because all flood zones are located next to the rivers, we group flood zones near

location j and denote them by flood zone j. We assume flood zone j can only be

affected by the upstream (but not downstream) hydropower facilities of location j.

2. Each flood zone has a tolerable peak flow per period; exceeding which results in

flood.

3. All flooded water in flood zone j eventually flow back to rivers (to location j).

The first assumption in Assumption 5 is made without loss of generality as the flooding

areas are mostly affected by rivers nearby and we have the flexibility of grouping the
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flood areas. The peak tolerance per period serves as a proxy for the maximum flow

that can pass location j without causing flood. The third assumption follows research

in irrigation and hydrology (see, e.g., Ali 1993).

For the flood zone associated with location j, we define MTj to be the peak tolerance

(in billion cubic meters) per period. Because qj,t is the total amount of water flowing by

flood zone j in period t; if qj,t > MTj , then flood occurs at flood zone j in the amount

of fj,t = qj,t −MTj . Otherwise, i.e., qj,t ≤MTj , there is no flood in flood zone j.

We then discuss the model for water supply (e.g., irrigation).

Assumption 6. Water supply (irrigation) assumptions:

1. The water distribution system, e.g., canals and pipes, has been established and

operative. Thus we only need to build passages for each new hydropower facility to

connect it to the nearest water distribution system.

2. There is a upper limit on the amount of water that can be withdrawn at each

hydropower location.

3. Loss and leakage (e.g., seepage, technical loss) in water distribution is non-negligible

and distance dependent. The yield is γ per 100 miles.

The first assumption in Assumption 6 holds true in Pakistan and many developing

countries where agriculture contributes significantly to the GDP and irrigation systems

are established. The second assumption is based on the capacity limits of canals and

pipelines (Barber 2009). The third assumption comes from the statistics of significant
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losses in water delivery and irrigation distribution (FAO, M.J. Solomon 1998, Miller

2005). Thus, suppose u(j, k, t) is withdrawn from location j for water demand zone k,

then only γDj,k × u(j, k, t) can reach zone k where Dj,k is the distance between j and k

(in 100 miles).

We lastly discuss the model for power supply.

Assumption 7. Power supply assumptions:

1. Transmission system has been installed and operative. Thus we only need to build

grid stations at each potential location and hook them up with the nearby transmis-

sion system.

2. The power generation at location j is proportional to oj,t as determined by the

conversion ratio and bounded by the installed generating capacity.

3. The distribution of power via transmission systems is subject to yield loss, and the

yield is ω per 100 miles.

The first assumption in Assumption 7 holds true in Pakistan and many developing

countries. The second assumption follows the fourth general assumption in Assumption

3. This assumption is also based on the fact that hydropower generation depends on

both water head and water flow, and the conversion ratio connects the water flow with

power generation. The yield loss in power transmission is well studied, see Hurlbut

(2012). Thus, suppose pj,k,t is the power supplied from location j to power demand zone

k, then only ωDj,k × pj,k,t can reach and be consumed by zone k. It is easy to see that
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consecutive hydropower facilities on the same river can interact with each other because

more water stored or withdrawn (used) at one facility leads to less water flowing to all

downstream facilities.

Figure 4.5 summarizes the water, energy and flood nexus in the context of hydropower.

Figure 4.5: The water, energy and flood nexus in the context of hydropower.

4.3.4 The Conceptual Framework

We shall describe the key components of the mathematical model and their connections

here before providing the full detail of the mathematical programming formulation in

Section 4.4.

As discussed in Section 4.1.3, we take the standpoint of the government in this paper.

Thus our ultimate objective is economic prosperity of the country, to which all sectors

(energy, agriculture and flood control) contribute. To this end, we shall set the objective

of our mathematical model to maximize the total discounted real GDP over a given plan-

ning horizon. GDP unifies the development goals across different sectors by dollar value,
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and is one way to represent the overall benefits of the system. The dependence of GDP

on energy consumption, irrigation (through agriculture) and flooded water is justified in

Assumption 3 and verified by a multiple regression model for Pakistan (Section ??).

The mathematical model involves the following decision variables: when to set up

which hydropower facility, which facility supplies which energy and water demand zones,

water control decisions (store, withdraw and release) at each facility in operation.

The constraints are grouped by echelons and sectors.

1. Flow control constraints: The cascading model on water flow (e.g., flow balance

equations, water storage capacity).

2. Hydropower plant constraints: A hydropower facility can be set up only once

at each potential location; capital cost calculations.

3. Water supply constraints: The system cannot supply more water than what

is needed at each demand zone; water withdrawn at a location is subject to the

availability of the facility and the capacity limit of the distribution system; other

water distribution restrictions must also be honored.

4. Power supply constraints: The conversion of water flow into power; power gen-

eration at a location is subject to the availability of the facility and bounded from

above by the installed capacity; network constraints to connect power generated,

power distributed to, and power demanded from all energy demand zones.

5. Flood constraints: To calculate the flooded water in each flood zone.
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6. Budget constraints: The budget is limited and depends on the GDP.

The flow control constraints connect all hydropower facilities on the river system where

adding one facility affects the operations and performance of all others. The water, power

and flood constraints bridge the hydropower expansion decisions with distribution (wa-

ter and power) decisions to the demand zones and flood damages to flood zones. These

constraints also link water flow with power generation and flood and account for the

unique features, capacity limits and demand requirement of different sectors. The hy-

dropower plant constraints provide regularity conditions on the expansion of hydropower

network and calculate the capital expenditures. Finally, the budget constraints connect

past GDP with available funding for future development of the hydropower network.

The mathematical model is challenging to solve as even the optimal control of multi-

reservoir systems (a subproblem) requires sophisticated optimization tools (Yeh 1985).

We shall construct a mixed integer and linear programming model (MILP) in Section

4.4 to solve this problem.

4.4 Mathematical Programming Formulation

In this section, we present the mathematical programming formulation for the optimal

design of hydro supply chains to meet multiple development goals from diverse demand

and flood zones. We define indices in Table 4.1, which is followed by decision variables in

Table 4.2 and intermediate variables in Table 4.3. All decision variables are non-negative.

Note that T is an even number.
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Index Name Set

j Hydropower facility locations J = JE ∪ JP
k Electricity and water demand zones K = KE ∪ KW

t or t′ time (unit: period = half a year or a year {1, 2, ..., T} or {1, 2, ..., T/2}
Table 4.1: Indices

Hydropower Facility

wj,t 1 if the facility in location j enters service Binary N/A

in period t, 0 otherwise

Water Control

oj,t The amount of water released in period t Continuous Unit: Billion m3

from location j

uj,k,t Water withdrawn at location j Continuous Unit: Billion m3

for demand zone k in period t

sj,t Water stored at location j Continuous Unit: Billion m3

at the end of period t

Power Supply

ej,t Electricity generated at location j in period t Continuous Unit: MWh

pj,k,t Electricity supplied from location j Continuous Unit: MWh

to demand zone k in period t

Flood

fj,t Flooded water at location j in period t Continuous Unit: Billion m3

Table 4.2: Decision Variables

Hydropower Facility

qj,t Water flow into location j in period t Continuous Unit: Billion m3

bHPP1
j,t Cost to setup hydropower facility Continuous Unit: Million US $

at location j in period t $

bHPP2
t Total cost to operate hydropower facilities Continuous Unit: Million US $

in period t $

Budget and GDP

gt′ GDP in year t′ Continuous Unit: Million US $
Table 4.3: Intermediate Variables

4.4.1 Objective Function

Let βt′ be a series of time discounted factors decreasing in t′ where t′ is a time index

in years (Table 4.1), then the objective function, i.e., the total discounted GDP over a
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finite planning horizon T , is,

T/2∑
t′=1

βt′ · gt′ −→Max (4.5)

where gt′ can be written as follows,

gt′ = gt′−1 + a1 · [
∑

j∈J
∑

k∈KE

Ωjk

2 (pj,k,2t′ + pj,k,2t′−1 − pj,k,2t′−2 − pj,k,2t′−3)]

+a2 · [
∑

j∈J
∑

k∈KW
Γjk · (uj,k,2t′ + uj,k,2t′−1 − uj,k,2t′−2 − uj,k,2t′−3)]

+a3 · [
∑

j∈J (fj,2t′ + fj,2t′−1 − fj,2t′−2 − fj,2t′−3)].

(4.6)

Here, Ωjk = ωDjk is the power transmission yield between location j and demand zone

k ∈ KE , Γjk = γDjk is the water distribution yield between location j and demand zone

k ∈ KW , and Djk is the distance between j and k. Eq. (4.6) shows the dependence of the

GDP on power consumption (first term), water consumption (second term) and flood

(third term) through country-specific parameters, a1, a2, a3, which can be estimated by

empirical studies based on real data.

4.4.2 Flow Control Constraints

By the cascading model in Section 4.3.2, we have the following constraints on the inflow,

storage, usage and outflow at each hydropower location.

qj,t =

J∑
j′=1

Xj,j′ × oj′,t +Aj,t, for j ∈ J and t = 1, 2, ..., T, (4.7)
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and

sj,t = η × (sj,t−1 + qj,t − oj,t −
∑
k∈KW

uj,k,t), for j ∈ J and t = 1, 2, ..., T, (4.8)

and

sj,t ≤ Cj for j ∈ J and t = 1, 2, ..., T. (4.9)

The first two constraints connect different locations via the cascading model, the third

constraint honors the water storage capacity at location j.

To ensure that Eq. (4.4) holds for non-operative locations, we also need,

sj,t +
∑
k∈KW

uj,k,t ≤M ·
t∑

τ=0

wj,τ , for j ∈ JP and t = 1, 2, ..., T, (4.10)

where M is a constant selected for the big M method. This constraint implies that if

there is no hydro-power facility in operations at location j, water can be neither stored

nor withdrawn to meet demand.

4.4.3 Hydropower Plant Constraints

The first set of constraints for hydropower plants specifies their availability. Because a

hydropower plant can only be setup once, thus

T∑
t=1

wjt ≤ 1 for j ∈ JP . (4.11)

The second set of constraints for hydropower plants calculates their capital costs. For
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potential location j ∈ JP , the setup cost in period t (in million $), bHPP1
jt , can be written

as follows,

bHPP1
jt = ICj ·

t+Tj∑
τ=t+1

wjτ for j ∈ JP and t = 1, . . . , T − Tj , (4.12)

where ICj is the capital investment per period for setting up the hydropower facility at

location j assuming that the total investment is evenly distributed over all periods of

the project duration Tj .

Because setting up the hydropower facility takes multiple periods, it is logical to

assume that we cannot start setting up the project at location j after the T−Tjth period

as the facility will be ready beyond the planning horizon and thus cannot contribute to

the objective function. Therefore the ending conditions for location j ∈ JP are

bHPP1
jt = ICj ·

T∑
τ=t+1

wjτ for j ∈ JP and t = T − Tj + 1, ..., T − 1, (4.13)

and

bHPP1
jT = 0 for j ∈ JP . (4.14)

Finally, the operating cost of all hydropower facilities in year t, bHPP2
t , is given by

bHPP2
t =

∑
j∈JP

OCj ·
t∑

τ=1

wjτ +
∑
j∈JE

OCj for t = 1, . . . , T, (4.15)

where OCj is the operating cost of the hydropower facility at location j per period. Note

that while bHPP2
t includes the operating costs of both existing and newly built facilities.
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4.4.4 Water Supply Constraints

The first set of constraints for water supply ensures that the total amount of water

supplied to each demand zone is less than the amount of water demanded. Let GWkt be

the gap (or shortage) in water demand at demand zone k in period t, then

∑
j∈J

Γjk · uj,k,t ≤ GWkt for k ∈ KW and t = 1, . . . , T, (4.16)

where Γjk is the yield (due to leakages and losses) in water distribution from location j

to demand zone k (see Section 4.4.1).

The second set of constraints for water supply captures the special restrictions in water

distribution, such as, a hydropower location cannot serve a water demand zone too far

upstream (Assumption 3). We define the water distribution feasibility matrix Yjk, where

Yjk = 0 implies that it is infeasible to supply water from j to k, Yjk = 1 otherwise. Thus,

uj,k,t ≤M × Yjk for j ∈ J andk ∈ KW and t = 1, . . . , T, (4.17)

where M is a constant selected for the big M method.

The third set of constraints is on the capacity limits of the water distribution system

at each location. Let rj be the maximum fraction of the water flow into location j that

can be withdrawn, then

∑
k∈KW

uj,k,t ≤ rj × qjt for j ∈ J and t = 1, . . . , T. (4.18)
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4.4.5 Energy Supply Constraints

The first set of constraints for energy supply specifies how electricity generation at hy-

dropower location j is connected to the availability of the facility at this location, the

installed capacity, and water flow released (the outflow).

ejt ≤ PCj ·
∑t

τ=1wjτ for j ∈ JP and t = 1, . . . , T,

ejt ≤ PCj for j ∈ JE and t = 1, . . . , T,

(4.19)

where PCj is the installed capacity (for electricity generation) of the hydropower facility

at location j.

ej,t ≤ CRj × ojt for j ∈ J and t = 1, . . . , T, (4.20)

where CRj is the water-energy conversion ratio at location j. This constraints implies

that the electricity generated at location j in period t is proportional to the amount of

water released, ojt.

The second set of constraints for energy supply links energy generation, energy distri-

bution and consumption.

∑
k∈KE

pjkt ≤ ejt for j ∈ J and t = 1, . . . , T. (4.21)

This constraint implies that electricity supplied from location j can’t be greater than
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the amount of electricity generated at j.

∑
j∈J

Ωjk × pjkt ≤ GEkt for k ∈ KE and t = 1, . . . , T, (4.22)

where Ωjk is the yield loss of energy transmission from j to k (see Section 4.4.1), and

GEkt is the gap (or shortage) at energy demand zone k in period t. This constraint

indicates that the electricity supplied to a demand zone cannot be greater than the

amount demanded.

4.4.6 Flood Constraints

The flood constraint compares the water flow and the peak tolerance level at each flood

zone to calculate the flood. By Section 4.3.3, the flooded water at flood zone j is

fjt = max{0, qjt −MTj}. Thus, we have the following constraint,

fjt ≥ qjt −MTj for j ∈ J and t = 1, . . . , T. (4.23)

This constraint is valid because minimizing the flooded water helps to optimize the

objective function.
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4.4.7 Budget Constraints

The budget constraints limit the total spending on hydro supply chains (development

and operations) in each year by a percentage of GDP in the past year.

∑
j∈JP (bHPP1

j,1 + bHPP1
j,2 ) + bHPP2

1 + bHPP2
2 ≤ g0 ·RA1,∑

j∈JP (bHPP1
j,2t′ + bHPP1

j,2t′−1) + bHPP2
2t′ + bHPP2

2t′−1 ≤ gt′−1 ·RAt′ for t′ = 2, . . . , T/2,

(4.24)

where RAt′ is the ration in year t’, that is, the % of GDP allocated to the hydropower

sector for development and operations; gt′ is the real GDP in year t′.

4.5 Numerical Study

In this section, we apply the mathematical model (see Section 4.4) to Pakistan to generate

solutions, demonstrate their potential impact and develop insights. Section 4.5.1 presents

the real-life situations of Pakistan, and Section 4.5.2 provides solutions and insights.

4.5.1 The Case of Pakistan

A map of Pakistan’s existing and potential hydropower sites and major demand and

flood zones is shown in Figure 4.2. Working closely with Pakistan government through

WAPDA, we collect comprehensive data and facts, and make the following observations.

Observation 1. Observations on the hydro supply chain of Pakistan:

1. Pakistan has one major river system, the Indus. With many branches running

from the world’s highest mountain in the north to the Arabian sea in the south
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within about 1000 miles. There are 17 existing hydropower facilities, 6 storage

dams and 11 non-storage barrages. Although more than 800 hundred potential

projects along the Indus river and its branches have been identified, a majority

have mini-capacity and incomplete study. We identified 41 locations with complete

information (new construction not upgrading) and likely to be implemented in the

near future, of which, 13 are storage dams and 28 are non-storage barrages. Thus

J = 58. Through WAPDA and research, we can identify all parameters, such as

the latitude and longitude, cost, time, capacities, convension ratio, etc. for all

locations.

2. There are 19 energy demand zones that account for 90% of the country’s total

energy consumption (Figure 4.2), KE = 19. In Pakistan, irrigation related fresh

water withdrawn accounts for 93.5% of the total (World Bank 2015), thus we shall

only consider farmland (irrigation) as water demand zones. There are 15 major

farming areas in Pakistan (see Figure 4.2) scattered across the entire country.

Thus, KW = 15.

3. Pakistan has quite uneven annual precipitation across the country with heavy rain-

fall in the northern mountain areas, which gradually decrease as we move to the

southern Indus river floodplains, and then increase again close to the coast of Ara-

bian sea. Many areas of this country experience clear patterns of seasonal rainfall

between summer (June-November) and winter (December-May). In some areas,

the rainy season could account for 80-90% of the annual precipitation. From the
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record of the government, we can estimate the external inflow at each segment of

the river system.

4. Energy demand varies across seasons. For instance, in 2012, the summer (rainy)

season consumes about 16000 MWh while the winter (dry) season consumes about

12000 MWh. The pattern is quite repetitive in the history. In the current energy

mix, hydropower (from existing facilities) accounts for about 31% of the 10000

MWh consumption. Demand for energy is estimated to grow at a rate of 5-7%

annually (Alter and Syed 2011). Thus, the demand for hydropower (both existing

and new) includes its current contribution to the energy mix and the projected

energy shortfall.

5. Agriculture water consumption projections are made from 2010 thoughout 2025 by

Pakistan Ministry of planning, development and reform. 29% of the agriculture

water comes from the canal systems that connect the farmland with the hydropower

facilities on the rivers (FAO 2011). Other sources of agriculture water include

undergound water (wells) and surface water (lakes). Thus, the demand for irri-

gation water from the hydropower network include its current contribution to the

agriculture sector and the projected water shortfall.

6. Irrigation water distribution is subject to significant losses, such as seepage and

technical losses. FAO statistics in general (Solmon 1998) and Pakistan studies in

particular (Yu, et al. 2015) show that such losses amount to about 15% water

withdrawn. Given an average traveling distance of irrigation water of about 33
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miles in Pakistan, we estimate that the 100 miles yield loss is about 45% (thus,

γ = 55%).

7. Evaporation of stored water in reservoirs causes about 40% annual loss in tropical

areas (Miller 2005, O’Laoghaire and Himmelblau 1974). Thus, we estimate a 20%

evaporation loss per period (half a year) in our study (thus, η = 80%).

We consider planning horizons of 20 years (T = 40, Padula 2015).

Table 4.4 specifies the model parameters for Pakistan.

Hydropower Facility:

Aj,t Net external inflow to segment j of the river system in period t Unit: Billion m3

Tj Setup time for the hydropower facility at location j Unit: period

ICj Setup cost for the hydropower facility at location j Unit: million US $

OCj Annual operating cost of the hydropower facility at location j Unit: million US $

PCj Installed capacity (electricity) of the hydropower facility at location j Unit: MWh

CRj Conversion ratio of the hydropower facility at location j Unit: MWh / Billion m3

Cj The storage capacity of the hydropower facility at location j Unit: Billion m3

Xj,j′ Immediate upstream matrix of locations Binary

Power Supply:

ω % yield in power transmission per 100 miles 95.5%

Ωjk Transmission yield in % between location j and demand zone k Ωjk = ωDjk

GEkt Energy gap at demand zone k ∈ KE Unit: MWh

Water Supply:

γ % yield in irrigation distribution per 100 miles 55%

Γjk Water distribution yield in % between location j and demand zone k Γjk = γDjk

η % yield by evaporation for stored water in reservoir per period 80%

rj % of total flow into location j that can be withdrawn for usage 31%

GWkt Demand gap at water demand zone kinKW in period t Unit: Billion m3

Yj,k Water distribution feasibility matrix Binary

Flood:

MTj Peak tolerance flow in one period to prevent flood at location j Unit: Billion m3

Miscellaneous:

RAt′ Ration in year t’. i.e. % of GDP Unit: %

βt′ Discount factor in year t’ Unit: %

Djk Distance between location j and demand zone k Unit: 100 miles

M A real number large enough for the Big-M method N/A

Table 4.4: Parameters for Pakistan’s hydro supply chain.

Note that the hydropower setup cost, ICj , includes cost of transmission line and grid

station that connect the hydropower facility to the nearest transmission system. It
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also includes the cost of water passages that connect the facility to the nearest canal

system. All other parameters of hydropower facilities can be extracted from feasibility

studies and government research reports. Pakistan’s current transmission systems use

the alternating current (AC) technology (National Transmission and Despatch Company

2014). Despite recent studies of the direct current (DC) technology, it is unlikely to be

implemented in the next 15-20 years due to the high cost and risk (Weedy, et al. 2012).

Based on the voltages used in Pakistan, we conservatively estimate the yield loss per 100

miles, (1− ω), to be 4.5% (Hurlbut 2012).

The energy and water gaps (shortages) at each demand zone are calculated based

on government’s estimate of future demand and items 4-5 in Observation 1. rj is deter-

mined by the general statistics for the limit on water withdrawn at hydropower locations

(Barber 2009). The water distribution feasibility matrix, Yj,k, is determined by Assump-

tion 3 where Yj,k = 0 if the water demand zone k is upstream of location j by more

than 200 miles. The MTj can be estimated by the average flow per period at loca-

tion j plus a location dependent buffer (from government’s statistics). Our empirical

study (multiple linear regression) of Pakistan’s data from year 1972 to 2013 shows a

strong dependence of the real GDP on energy consumption, irrigation water and flooded

water (R2 = 0.999). We estimate a1 = 12.224, a2 = 135.439, a3 = −71.196 with p-

value of 2.66E-06, 1.9E-11 and 0.008 respectively. We select 2011 as the starting year

(t = 0) with a GDP g0 = 133, 000 (in million $), a peak demand (summer peak load) of

16, 000 MWh and an energy gap of 6, 000 MWh (Kessides 2013). The initial condition

pj,k,0, pj,k,−1, uj,k,0, uj,k,−1, fj,0, fj,−1 are determined by starting year 2011’s data.
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4.5.2 Solutions, Impacts and Insights

In this section, we present the optimal solutions generated by the mathematical models

for Pakistan in various scenarios and compare them to two common practices similar to

the government’s plan on metrics such as net GDP (GDP less investment in hydropower

sector, for economic growth), energy gap (for energy security), water gap (for irrigation),

and flooded water (for flood control). We provide insights on how a hydropower network

should be built up strategically under limited financial resource, the relative performance

of various practices, and how system parameters may affect the results.

We consider two popular practices often found in developing countries. The first

practice, namely practice 1, sorts the hydropower projects in the increasing order of

the setup cost per unit of installed capacity, that is, total setup cost over installed

electricity generating capacity. This practice starts construction of the projects following

this order as long as the budget allows. The second practice, namely practice 2, sorts and

starts construction of the hydropower projects in the decreasing order of the installed

capacity. To ensure fairness in comparison, we applied the same procedure to optimize

more tactic decisions, such as the flow control and water/power distribution decisions,

in the optimal solution and the practices. Thus, the performance difference among them

come from the strategic decisions on the selection of locations (projects) and the sequence

of construction.

We consider scenarios under the following combinations of parameters: budget from

1%, 3%, 5%, 7% to 9% of real GDP, a planning horizon of 20 years (40 periods), and

energy demand growth rate (5%). The water demand growth is estimated at 4.08%
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(Mustafa 2013).

The mathematical model leads to large-scale multi-period mixed integer programs.

For example, the scenarios of 20-year planning horizon have 16 constraints, 70,9927

continous variable and 1,253 binary variables. The mathematical program is solved by

Gomory cutting planes method and implemented by a code written in Python version

2.75 and Gurobi Solver version 6.5. Due to the complexity of the model, an optimal

solution is not always achievable. We accept suboptimal but best solutions found if the

values of their objective functions are within 2% of those of the optimal solutions. The

computation time ranges from a few minutes to about a hour. All computations are

done on a desktop computer with an Intel Xeon 2620 2.0 GHz and 36 GB RAM.

A Representative Example.

Figure 4.6: The optimal solution on the selection of hydropower sites and sequence of
openning for the scenario with 5% demand growth, a budget of 5% GDP and a 20-year

(40 periods) planning horizon.
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The mathematical model provides intriguing solutions, which are structurally different

from the popular practices. In the scenario of 5% demand growth, a budget of 5% GDP

and a 40-period planning horizon, the optimal solution first opens a few small (≤ 100

MWh) hydropower sites in the south (Sindh province) and north (Punjab province) but

not far north, close to the major power and water demand zones in these provinces. Then

it opens a large site (≥ 500 MWh) in the north but not far north (Tarbela, near the capital

city, Islamabad), and a medium site (between 100 MWh and 500 MWh) in Punjab. This

is followed by a series of quick open-ups of small, medium and large sites scattered from

northeast to northwest, from north to south, and from one branch to another of the

Indus river. Although most of the largest sites (with also the lowest unit costs) are

concentrated in the north and far north areas of the country, the optimal solution does

not focus exclusively them, but blend them with small and medium sites from the south

and areas between north and south. The location of a site is more important than its

capacity or unit cost, because the optimal solution strategically spreads out the sites

so that the demand zones can be evenly served over time and space. In this scenario,

totally 33 new hydropower sites are opened over the planning horizon, and two of the

top three largest sites are not among them (because they cost too much and take too

long).

In comparison, practice 1 starts with a few largest sites in the north and far north,

which exhausts all the budget in the first few years. Only after they are done (eight years

after), the government then has the money to work on a few smaller sites with slightly

higher unit cost. This is followed by other large and medium sites from diverse locations
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which open up gradually. In this practice, totally 25 new hydropower sites are opened in

the planning horizon (the largest three sites are neither among them). Practice 2 opens

fewer new sites (22 total) almost all towards the end of the planning horizon because it

focuses on the largest sites (which cost the most and require the longest time). Because

the top three largest sites exceed the budget limit, the practice starts with the fourth

largest, which opens in the 14th year. This project exhausts all the budget for all these

years and so government cannot work on other projects before this one is completed. It

is only until the last few years of the planning horizon, a few more smaller sites can be

opened.

Figure 4.7: The optimal solution on energy gaps at demand zones for the scenario with
5% demand growth, a budget of 5% GDP and a 20-year planning horizon. Green - 0%

gap, yellow - 1% to 50% gap, red - 51% gap and above.
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In every period, the optimal solution provides more power supply compared to the the

supply that practices provide.Especially the optimal solution gets to the zero power gap

in many dry seasons. 5 years before the project ends, all of three models such as the

optimal solution and two practices show the increase trend of power supply due to the

higher demand than the total possible supply.

Figure 4.8: The optimal solution on water gaps at demand zones for the scenario with 5%
demand growth, a budget of 5% GDP and a 20-year planning horizon. Green - 0% gap,

yellow - 1% to 50% gap, red - 51% gap and above.

In most of dry seasons, the optimal solution makes zero water gap at all of 15 farmland

compared to two practices, and few farmlands in the two far southern regions such as

Sindh and Balochistan have water gaps due to the limited feasibility of possible local
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dam or barrage in those regions. The optimal solution gives zero water gaps for 7 years,

but two practices make increasing water gaps over time.

Figure 4.9: Optimal solution vs. practices. The x-axis is on time (in year). 5% demand
growth, 5% ration and 20-year planning horizon.

To quantify the impact, we compare the optimal solution and the popular practices

on four metrics: net GDP (Figure 4.9), % energy demand gap, % water demand gap,

and flood (Figure 4.10).

Figure 4.10: Optimal solution vs. practices. The x-axis is on time (in period). 5%
demand growth, 5% ration and 20-year planning horizon.
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As we can see, the optimal solution significantly outperforms the practices by boosting

the economy much stronger (Figure 4.9), by significantly improving the performance

in all three sectors of energy consumption, irrigation and flood control (Figure 4.10).

Specifically, in this scenario, the optimal solution can keep the energy gap below 30%

for most periods in the planning horizon while the practices go above 30% or even 40%

in most of the periods. The optimal solution can reduce the water gap to zero while

the practices constantly keep a 20% to 40% water gap. Finally, the optimal solution can

reduce flood by 10% on average relative to the practices.

Sensitivity Study

We study the robustness of the solutions and the impact of various system parameters

such as budget (ration), planning horizon, and demand growth rate. For all scenarios

examined, the optimal solution stay qualitatively the same in the selection of hydropower

sites and the sequence of construction. The most notable difference in a scenario with a

higher % of ration is that the energy and water gaps can reach zero towards the end of

the planning horizon, and if budget is sufficiently high, the top three largest sites may

be opened.

To study the impact of the budget ration, we plot the compounded GDP growth rate

for the optimal solution and the two practices for different budget rations from 1% to 9%

(Figure 4.11). The figure shows that although the optimal solution always outperforms

the practices on GDP growth rate, it makes the greatest difference when the budget

is neither too tight nor too generous. Intuitively, if the budget is very tight, it allows

little flexibility for the optimal solution to improve; if the budget is very generous, the
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efficiency as achieved by the optimal solution becomes relatively unimportant as funding

is abundant.

Figure 4.11: The compounded GDP growth rate for the optimal solution, practices 1 and
2 for various budget rations.

Insight on Popular Practices Our numerical studies and optimal solutions provide

insights on the relative performance of many popular but opposite practices. First,

location flexibility seems more valuable than the economies of scale in hydropower site

selection because the practices focusing the latter perform much worse than the optimal

solution. Second, neither the strategy of many small sites nor the strategy of a few large

sites is the best, the optimal solution combines large and small sites and spread them out

strategically to meet demand from diverse locations. Third, concentrated hydropower

locations should be avoided as the optimal solution space out the sites both in space

and time to maximize the benefits to the demand zones. Finally, storage dams and

non-storage barrages should be mixed to achieve the best overall impact.
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4.6 Conclusion

The interconnected issues of water, energy, food and flood lie at the center of the sus-

tainable development of economy and society for many developing countries, such as

those in South Asia, sub-Saharan Africa and Latin America. Hydropower development

is an ideal solution as it is not only abundantly available in many of these countries but

can also address all these issues in the same time. However, these countries typically

have very limited budget and hydropower development takes a long time and costs a

fortune. How to develop and expand hydropower network for developing countries with

limited financial resource to address the nexus of water, energy, food and flood remains

as a substantial challenge. In this paper, we construct a novel mathematical model to

capture unique features of hydropower expansion in developing countries and to optimize

the synergies and balance the conflict of the diverse development goals. Applying to the

real life situation of Pakistan, we demonstrate the potential of the model in improving

all sectors of energy consumption, irrigation and flood control, and thus ultimately, the

economy.
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Chapter 5

Future Research and Extensions

In this dissertation we studied strategic energy and water supply chain design in to

figure out unique features and economics of energy and water supply related problems

in context of logistic network design.

Countries in Africa, Asia, and other regions are more likely to suffer from energy

poverty than enjoy economic prosperity. Like Gov plan of Pakistan, they try to make

economy wealthier than before. But what does it mean for most of people who still live

in energy poverty? It could not be realized with very limited budget. It doesn’t have

to be this way. Extreme energy poverty is far from being eliminated. Their story could

be so different so that we focused turns from energy poverty to prosperity (security) as

energy deficit ebbs in these countries, and our model tries to strategically integrates all

of players such as fuel location, power plants, and demand zones for fully utilizing it at

lower cost.

And in Hydro research, we construct a novel mathematical model to capture unique
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features of hydropower expansion in developing countries and to optimize the synergies

and balance the conflict of the diverse development goals.

This work can be extended in a number of directions: First, the mathematical proper-

ties of hydro supply chains can be explored to enable more efficient solution algorithms.

Second, we ignore political issues in hydropower network expansion, which may plays an

important role in feasibility issues. Finally, we ignore all other power generation sources

while planning for the hydro supply chain. It would be ideal to plan all sources of energy

together - the energy mix planning.
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