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Executive Summary

Electric power is required to produce, treat, distribute, and recycle water while water 
is required to generate and consume electricity. The goal of this position paper is to 
identify and motivate opportunities for the operations management and planning 
of the energy-water nexus. It proceeds in three parts. First, an exposition of the 
energy-water nexus especially as it applies to the GCC is given. This discussion 
focuses on the electric power system, the potable water distribution system, and the 
wastewater distribution system. Then, the paper shifts to opportunities in operations 
management where recent work in the Laboratory for Intelligent Integrated 
Networks of Engineering Systems has produced a number of optimization programs 
to support the deregulated operation of integrated energy-water markets. To highlight 
the viability of this idea, an energy-water nexus supply side economic dispatch is 
presented. Finally, the position paper shifts to discuss planning opportunities for the 
energy-water nexus for the sustainable development of water and energy resources. 
These include new methods that encourage renewable energy penetration and balance 
the portfolio of desalination technologies. It also includes integrated strategies for 
the design of water infrastructure to minimize embedded energy while reusing water 
of various qualities. The paper concludes with a description of opportunities for EU-
GCC collaboration to support the purpose of the workshop.
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1.  The Energy-Water Nexus in the GCC
In this section, the energy-water nexus is introduced generally and then also described 
as it relates to the Gulf Cooperation Council countries. This discussion focuses on 
three aspects: 1) water use in the electric power system; 2) electricity use in the 
engineered water supply systems; and 3) electricity use for wastewater management. 

1.1 Overview
The supply and demand of water and electricity are closely linked and as a 
consequence should be managed jointly. This energy-water nexus, which couples 
the critical systems upon which human civilization depends, has existed since the 
first implementation of the electricity, water and wastewater systems. The coupling, 
however, is becoming increasingly strained due to a number of global mega-trends:1 

• Growth in total demand for both electricity and water driven by population 
growth

• Growth in per capita demand for both electricity and water driven by economic 
growth

• Distortion of availability of fresh water due to climate change
• Multiple drivers for more electricity-intensive water and more water-intensive 

electricity such as enhanced water treatment standards, water-consuming flue 
gas management processes at thermal power plants and aging infrastructure 
which incurs greater losses

Fig. 1: Aggregated GCC withdrawals by source (2005 estimates)

1. United Nations, Managing Water under Uncertainty and Risk, Technical report, Paris, France, 
2012.
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These trends raise concerns about the robustness of the electricity and water 
systems today and their sustainability over the coming decades. There is a risk that 
if the nexus is not optimally managed, scarcity in either water or energy will create 
aggravated shortages in both.

1.2  Water Use in the Electric Power System
Water withdrawal requirements of thermal power plants are of major concern in 
many parts of the world. In the United States these withdrawals account for 45 
percent2 of all fresh water withdrawals. This reliance of thermal generation, by far 
the most dominant generation technology, on copious water withdrawals makes 
electrical power systems vulnerable to water shortages. This was the case in France 
(2003) and Texas (2011) when power plants were forced to draw down output during 
prolonged droughts, creating electricity shortages at times when demand was spiking 
due to air conditioning. Such water shortages are likely to become more frequent in 
certain areas with the effects of climate change. Furthermore, in these same areas, 
over the long term, even the relatively low water consumption levels (3 percent of 
fresh water consumption in the United States3) become a sustainability concern with 
falling precipitation levels.

Conversely in GCC countries, the use of fresh water for power plant condensers 
is non-existent as there are very limited surface water resources. The power plants use 
abundantly available seawater and thus the electricity systems are not vulnerable to 
water scarcity. The major concern in this case is the environmental impact of water 
discharged by once-through cooling plants, often referred to as thermal pollution. 
The power plant effluent, which is at elevated temperatures, can cause localized 
temperature increases over time and thus adversely affect the habitat of fish and 
other marine life. It is for this reason that the state of California in the United States 
has enacted legislation requiring that coastal power plants phase out once-through 
cooling.

1.3  Electricity Use in the Engineered Water Supply System
Engineered water supply systems in the GCC countries are heavily dependent on 
energy input. As shown in aggregate for the region in Fig. 1 and at a country level in 
Table 1, energy-expensive groundwater and desalination contribute 85 percent and 9 

2. Ron Pate, Mike Hightower, Chris Cameron, and Wayne Einfeld, Overview of Energy-Water  
Interdependencies and the Emerging Energy Demands on Water Resources, Technical report, Albu- 
querque, New Mexico, 2007.

3. Ibid. 
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percent of total water supply in the GCC, respectively.4 If Saudi Arabia is excluded, 
desalination provides 25 percent of the water supply in the GCC. The contribution of 
energy-cheap surface water is only 4 percent and is restricted to Saudi Arabia. Four 
out of the six GCC countries (KSA, UAE, Kuwait, and Qatar) are among the ten 
countries with the highest desalination capacity, representing between them nearly 
40 percent of global desalination capacity.5 

Table 1: Individual country water withdrawals by source in million m3/year 
(2005 estimates)

The amount of electrical energy required for groundwater pumping is dependent 
on the depths of individual wells. A first order estimate6  utilizing average well depths 
and an assumed pump efficiency attributes 5percent of all electricity consumption in 
Saudi Arabia to groundwater pumping.

Energy requirements for desalination vary with the technology employed. The 
dominant desalination technologies are Reverse Osmosis (RO), Multistage Flash 
Desalination (MSF) and Multiple Effect Desalination. RO is a membrane separation 
process in which seawater is forced across a semi-permeable membrane that holds 
back dissolved salts. MSF and MED are thermal processes that employ distillation 
for the separation process. In the former, seawater is passed through a series of stages 
with successively lower pressures causing pure water to flash out of solution, while 
in the latter – which also involves multiple stages or effects – vapor formed in one 
effect is condensed in the next effect providing the heat necessary for evaporation in 

4. FAO, “AQUASTAT- FAO’s Information System on Water and Agriculture,” 2013.
5. Toufic Mezher, Hassan Fath, Zeina Abbas, and Arslan Khaled, “Techno-economic Assessment 

and Environmental Impacts of Desalination Technologies,” Desalination 266 (1-3): 263-273, 
2011.

6. Afreen Siddiqi and Laura Diaz Anadon, “The Water-Energy Nexus in Middle East and North 
Africa,” Energy Policy 39, no. 8 (August 2011): 4529-4540.
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that effect. Globally, RO accounts for 60 percent of desalination capacity followed 
by MSF, which accounts for 27 percent.7 In the GCC, however, MSF is by far the 
dominant technology.

Electrical energy is utilized in RO plants for pumping to generate the significant 
hydraulic pressure required to overcome the natural osmotic pressure, which would 
cause filtered fresh water to flow back across the membranes. The specific electric 
energy requirement for RO varies with the salinity of the seawater but is typically 
in the range of 3 to 5 kW h/m3.8 MSF is more energy intense than RO; however, 
large-scale MSF distillation is typically integrated with thermal generation in 
cogeneration plants with the desalination process deriving its requisite thermal 
energy from steam extracted from along the power plant turbine at the appropriate 
pressure and temperature.9 Determination of the specific energy requirement in this 
case is complicated by the need to apportion the primary energy consumed between 
the electricity and water generation processes. In addition, for comparison purposes, 
it is impossible to compare heat, which is of low energy grade, with electric power. 
The solution commonly employed10 is to express the energy associated with the steam 
input to the desalination plant in terms of an equivalent loss of electric power that 
would otherwise have been generated by the steam. With this approach the specific 
energy requirement of MSF desalination has been estimated to be between 10 and 
20 kW h/m3.11 

Another significant contributor to the energy footprint of water supply systems 
is pipe leakages. Country level data for the GCC is not readily available; however, 
double-digit percentage losses are common in water distribution systems and it has 
been estimated that globally approximately 32 billion cubic meters of treated water 
leaks out of water distribution every year.12 

7. Mirei Isaka, Water Desalination Using Renewable Energy, Technical Report (March), International 
Renewable Energy Agency, 2012.

8. Ibid. Also see C. Sommariva, Desalination and Advanced Water Treatment: Economics and Financ-
ing, Balaban Desalination Publications, Hopkinton, MA, 2010.

9. Andrea Cipollina, Giorgio Micale, and Lucio Rizzuti, Seawater Desalination: Conventional and 
Renewable Energy Processes (Berlin, London: Springer, 2009); Sommariva, Desalination and Ad-
vanced Water Treatment.

10. Sommariva, Desalination and Advanced Water Treatment.
11. Ibid.
12. Bill Kingdom, Roland Liemberger, and Philippe Marin, The Challenge of Reducing Non-Revenue 

Water (NRW) in Developing Countries How the Private Sector Can Help : A Look at Performance- 
Based Service Contracting, Technical Report 8, Water Supply and Sanitation Sector Board, World 
Bank Group, 2006.
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1.4  Electricity Use for Wastewater Management
Wastewater is typically conveyed by gravity-flow sewers with wastewater treatment 
plants being built at low elevations, traditionally close to the water bodies into which 
effluent was to be discharged. The wastewater system, however, does require electric 
power for treatment. Various types of electric motor-driven equipment including 
pumps, blowers and centrifuges are used in wastewater treatment operations. In 
addition to the standard processes of filtration and biological decomposition, a wide 
range of processes with different energy requirements such as chemical precipitation, 
ion exchange, reverse osmosis and distillation13 are variously employed in different 
wastewater treatment plants to eliminate specific residual constituents as required by 
local environmental discharge regulations and reuse quality requirements. Attempts 
to quantify the per-unit energy requirements for wastewater treatment have typically 
classified treatment plants into four representative categories: Trickling Filter, 
Activated Sludge, Advanced Treatment and Advanced Treatment with Nitrification. 
The per-unit energy requirements for these categories have been estimated by 
survey14 and are contrasted with the energy requirements of water treatment options 
in Table 2.

Table 2: Comparison of energy requirements of wastewater treatment  
and water treatment technologies

Wastewater recycling presents a tremendous opportunity for reducing the 
energy and carbon footprints of water supply in the GCC. Comparison of the 
specific energy requirements of wastewater treatment and desalination processes 

13. George Tchobanoglous, Franklin L Burton, and David H Stensel, Wastewater Engineering: Treat-
ment and Reuse (New York: McGraw Hill, 4 edition, 2004).

14. R. Goldstein and W. Smith, Water & Sustainability: U.S. Electricity Consumption for Water Sup-
ply & Treatment - The Next Half Century. Technical Report Volume 4, Electric Power Research 
Institute, Palo Alto, CA, USA, 2002.
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Table 3 shows that even advanced wastewater treatment processes consume an 
order of magnitude less energy than desalination. The GCC countries have among 
the highest per capita water consumption rates in the world and thus have a lot of 
collectable wastewater that can be recycled. Table 3 provides estimates15 of industrial 
and municipal water demands in the UAE. If the sum of these is compared with the 
contribution of recycled wastewater to the supply portfolio in the GCC (Table 1), 
the percentage of collectable wastewater that is directly recycled can be determined 
and is also shown in Table 3. While it is clear that significant efforts have been 
made to recycle wastewater in the GCC, particularly in the UAE and Qatar, the 
percentages show that there is still room for more reuse across the region.

There are a number of water recycling options for the region. The most 
prominent wastewater reuse categories are agricultural irrigation, landscape 
irrigation, groundwater recharge and industrial processes.16 Groundwater recharge 
has an energy benefit, in that it prevents the depletion of aquifers close to the surface 
and thus the need to extract water from deeper ones. 

Table 3: Industrial and municipal water demands in million m3/year  
(2005 estimates)

While public sentiment may prohibit blending of recycled wastewater into 
the potable water supply, industrial consumers are likely to choose recycled water 
if there is a financial benefit and the water can be demonstrated to be suitable for 
their applications. The integration of recycled wastewater into the industrial water 
supply system has been implemented aggressively in Singapore under the NEWater 
scheme17 which supplies water that, in addition to conventional biological treatment 
and filtration processes, has been purified with ultraviolet, micro-filtration and 
reverse osmosis technologies making it suitable for industrial applications requiring 

15. FAO, AQUASTAT- FAO’s Information System on Water and Agriculture.
16. Tchobanoglous et al. Wastewater Engineering: Treatment and Reuse.
17. United Nations, Managing Water under Uncertainty and Risk.
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water of high purity. It has been shown18 that in several MENA countries, recycled 
wastewater has the potential to meet nearly all industrial water demand. Careful 
classification of the quality requirements for different categories of reuse opens up 
tremendous water recycling opportunities.

2.  Integrated Energy-Water Market Operation
This section argues that the energy-water nexus would benefit significantly from 
integrated energy-water market operation rather than addressing each product 
individually. The argument is presented in five parts. First, the need for integrated 
energy-water market dispatch is described. Second, an energy-water nexus supply 
side economic dispatch is presented as an optimization program. Some of the steps 
towards the implementation of such a dispatch are then discussed in terms of GCC 
trends towards independent power and water producers. Next, some of the potential 
benefits of integrated energy-water markets are discussed. The argument concludes 
with the potential for incorporating demand side management into integrated 
energy-water markets.

2.1  Overview: The Need for Integrated Energy-Water Market Dispatch
The need for integrated energy-water market dispatch arises first and foremost from 
the coupling created in the supply side by power and water co-production facilities. 
In many temperature climates, this coupling takes the form of hydroelectric facilities 
while in the GCC it takes the form of MSF desalination facilities. The existence of 
such a coupling would then have to be optimally managed in operations.

The integrated management of dual product infrastructures is not without 
precedent. In the EU, the consistent application of economic dispatch over decades 
has provided a market signal to not just reduce costs but also invest into more energy 
efficient technologies. In this regard, combined cycle power plants were systematically 
favored over single cycle facilities. Furthermore, facilities that cogenerated power and 
heat could demonstrate even higher efficiencies by using heat as a valued product for 
nearby industrial sectors such as food processing, chemical production, and district 
heating.19 The resulting efficiency gains also bring about cost savings, reduced air 
pollution and greenhouse gas emissions, increased power reliability and quality, 

18. Siddiqi and  Anadon, “The Water-Energy Nexus in Middle East and North Africa.”
19. Philip Kiameh, Power Generation Handbook: Fundamentals of Low-emission, High-efficiency Power 

Plant Operation (New York: McGraw-Hill, 2nd edition, 2012); Wen-Tien Tsai and Kuo-Jung 
Hsien, “An Analysis of Cogeneration System Utilized as Sustainable Energy in the Industrial 
Sector in Taiwan,”Renewable and Sustainable Energy Reviews 11, no. 9 (December 2007): 2104-
2120; Andrzej Ziebik and Paweł Gladysz, “Optimal Coefficient of the Share of Cogeneration in 
District Heating Systems,” Energy 45, no. 1 (September 2012): 220-227.
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reduced grid congestion and avoided distribution losses.20 Many policy makers, 
particularly in Northern Europe, further supported dual product facilities through 
regulatory development.21 Nevertheless, the technical and economic rationalization 
of a cogeneration solution often depended on the challenging conditions of having 
a consistently available, dedicated and co-located heat consumer22 – often in the 
form of contentiously negotiated23 long-term contracts.24 Naturally, some have 
argued to ease these restrictions on heat and power – as dual products – with a more 
dynamic treatment.25 To that effect, a power-heat economic dispatch approach has 
been applied within the literature. Typically, it creates a single objective function for 
co-generation plants that is dependent on the amount of power and heat produced. 
Constraints are then added to set up limits for both power and heat capacities. These 
limits usually define a feasible region in which the cogeneration plant can operate 
with respect to power and water produced.26 

20. Marc A. Rosen, “Energy, Environmental, Health and Cost Benefits of Cogeneration from Fossil 
Fuels and Nuclear Energy Using the Electrical Utility Facilities of a Province,” Energy for Sustain-
able Development 13, no. 1(2009): 43-51.

21. EIPPCB-TWG, Integrated Pollution Prevention and Control Reference Document on Best Avail- 
able Techniques for Large Combustion Plants, Technical report, Sevilla, Spain, 2006.

22. Marian R. Chertow and D. Rachel Lombardi, “Quantifying Economic and Environmental Bene-
fits of Co-Located Firms,” Environmental Science & Technology 39, no. 17 ( July 2005): 6535-6541.

23. Pier Luigi Romagnoli, “Criteria for Steam Sale Contracts,” In Proceedings of the World Geothermal 
Congress, pages 1-4, Florence, Italy, 1995; Herman Darnel Ibrahim and Antonius R. T. Artono, 
“The Competitiveness of Geothermal Power as Seen by Steam Producer, Power Producer and 
Electricity Buyer,” in Proceedings of the World Geothermal Congress 2005, April, pages 1-5, Antalya, 
Turkey, 2005.

24. Robert L. Humphrey and Clayton J. Parr, “Geothermal Sales Contracts,” Natural Resources Law-
yer (1982): 613-634.

25. Steven F. Greenwald and Jeffrey P. Gray, “QF Contracts and 21st-Century Economics,” Power 
(October 2010): 26.

26. C. Algie and Wong Kit Po, “A Test System for Combined Heat and Power Economic Dispatch 
Problems,” in Electric Utility Deregulation, Restructuring and Power Technologies, 2004. (DRPT 
2004), Proceedings of the 2004 IEEE International Conference on Electric Utility Deregulation, 
Restructuring and Power Technologies Vol.1, Hong Kong, 2004, 96-101; G.S. Piperagkas, A. G. 
Anastasiadis, and N. D. Hatziargyriou, “Stochastic PSO-based Heat and Power Dispatch under 
Environmental Constraints Incorporating CHP and Wind Power Units,” Electric Power Systems 
Research 81, no. 1 (2011): 209–218; R. M. Rifaat, “Economic Dispatch of Combined Cycle Co-
generation Plants with Environmental Constraints,” in Energy Management and Power Delivery, 
1998, Proceedings of EMPD ’98. 1998 International Conference on Energy Management and Power 
Delivery Vol. 1, 1998, 149-153; Guo Tao, M. I. Henwood, and M. van Ooijen, “An Algorithm 
for Combined Heat and Power Economic Dispatch,” Power Systems, IEEE Transactions on Power 
Systems 11, no. 4 (1996): 1778-1784; O. Linkevics and A. Sauhats, “Formulation of the Objec-
tive Function for Economic Dispatch Optimisation of Steam Cycle CHP Plants,” in Power Tech, 
2005 IEEE Russia, 2005, 1-6.
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As regards to the co-optimization of power and water, it has generally focused 
on one particular plant and its associated process flow diagram. Hence, it does 
not provide an extensible optimization formulation. For example, some focus on 
optimized planning and design rather than operations.27 Still others find methods 
of cost allocation.28 Finally, one author directly addresses the economic dispatch of 
a single specific facility composed of a number of sub-units but neither generalizes 
the formulation nor applies it to all the water and production units in the water and 
power grids.29 Not until the recent work at the Laboratory for Intelligent Integrated 
Networks of Engineering Systems, did there exist a parameterized model for the 
optimization of multiple co-generation plants in conjunction with pure power and 
water plants with no such assumptions of cost splitting. Such a model requires that 
all three plants be treated with equity. While similar techniques have been used 
for power-heat cogeneration, power water co-optimization has only begun to be 
explored in the last year. Ultimately, this work may serve as the basis for set point 
determination for single-plant optimization formulations.

2.2  A Supply-Side Power-Water Economic Dispatch Example
A number of power-water co-optimization programs have been developed in the 
last year.30 The first and simplest proposed31 is as follows. Minimize the production 

27. Ali M. El-Nashar, “Optimal Design of a Cogeneration Plant for Power and Desalination taking 
Equipment Reliability into Consideration,” Desalination 229,1-3 (2008):21-32; E. Cardona and 
A Piacentino, “Optimal Design of Cogeneration Plants for Seawater Desalination,” Desalina-
tion 166 (2004): 411-426; Seyed Ehsan Shakib, Seyed Reza Hosseini, Majid Amidpour, and 
Cyrus Aghanajafi, “Multi-objective Optimization of a Cogeneration Plant for Supplying Given 
Amount of Power and Fresh Water,” Desalination 286 (2012): 225-234.

28. Ali M. El-Nashar, “Cost Allocation in a Cogeneration Plant for the Production of Power and 
Desalted Water - Comparison of the Energy Cost Accounting Method with the WEA Method,” 
Desalination 122, no. 1 (1999): 15-34.

29. Ali M. El-Nashar and M. Sarfraz Khan, “Economic Scheduling of the UAN Cogeneration Plant. 
A Preliminary Optimization Study,” Desalination 85, no. 1(1991): 93–1271.

30. Apoorva Santhosh, Amro M. Farid, Ambrose Adegbege, and Kamal Youcef-Toumi, “Simultane-
ous Co-optimization for the Economic Dispatch of Power and Water Networks,” in The 9th IET 
International Conference on Advances in Power System Control, Operation and Management, Hong 
Kong, China, 2012, 1-6; Apoorva Santhosh, Amro M. Farid, and Kamal Youcef-Toumi, “Optimal 
Network Flow for the Supply Side of the Energy-Water Nexus,”in 2013 IEEE International Work-
shop on Intelligent Energy Systems, Vienna, Austria, 2013, 1-6; Apoorva Santhosh, Amro M. Farid, 
and Kamal Youcef-Toumi, “Real-Time Economic Dispatch for the Supply Side of the Energy-
Water Nexus” (under revision) Applied Energy, 2013, 1-10; Apoorva Santhosh, Amro M. Farid, and 
Kamal Youcef-Toumi, “The Impact of Storage Facilities on the Simultaneous Economic Dispatch 
of Power and Water Networks Limited by Ramping Rates,” in IEEE International Conference on 
Industrial Technology, Cape Town, South Africa, 2013, 1-6; Apoorva Santhosh, Amro M. Farid, 
and Kamal Youcef-Toumi, “The Impact of Storage Facility Capacity and Ramping Capabilities on 
the Supply Side of the Energy-Water Nexus,” (under revision) Energy, 2013, 1-10.

31. Santhosh et al., “Simultaneous Co-optimization for the Economic Dispatch of Power and Water 
Networks.”

12



GULF PAPER

Opportunities for Integrated Energy and Water Management in the GCC  

Gulf  Research Center

cost objective function CG with respect to the quantity of power generated by the 
ith power plant xpi, water produced by the jth water plant xwj, power generated by the 
kth cogenerator plant xcpk and water produced by the kth cogeneration plant xcwk. The 
following notation is introduced:
The objective function can be written as:

subject to the capacity, demand and process constraints in Equations 2, 3, and 4 
respectively.

Fig. 2: Power generation and demand profile over 24 hour period

13
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where Cpi , Cwj , Cck are the scalar cost functions for the ith power production facility, 
the jth water production facility and the kth co-production facility. Additionally, np, 
nw, nc are the numbers of power, water and co-production facilities, respectively. rupper 
and rlower are upper and lower bounds on the power-water production ratio for the 
cogeneration plants. Here, the process constraints do not model the physical flows 
of power and water for cogeneration facilities, as this would be intractable for all 
facilities. Instead, they represent the reasonable limits of safe operation of the co-
production process. D represents the power and water product demand vector. Finally, 
MinGenPP, MinGenWP, M inGenCP, MaxGenPP, MaxGenWP and MaxGenCP are 
the minimum and maximum power and water capacity limits for power, water, and 
co-production facilities, respectively.

The optimization program provided above was carried out on a hypothetical 
system composed of three coals plants, a natural gas plant, three cogenerators and 
one pure water plant. The cost functions Cpi, Cwj, Cck are assumed to exhibit a 
quadratic structure in their respective production variables with the cost function 
coefficients being appropriately sized positive constant matrices based upon the heat 
rate characteristics of the respective production units.

Figs. 2 and 3 show the generation levels of power and water, respectively. It 
can be observed that the total power and water generated in each hour matches the 
power and water demand profile exactly, showing that the result of the optimization 
is feasible. This feasibility is being maintained despite exaggerated peaks and troughs 
for both power and water. It is also noted that the power and water demand profiles 
are not necessarily trending together leading to a significant variation in power to 
water ratio over the course of the day. These demand profiles were chosen in a manner 
so as to reflect the common power and water demand profiles observed in real life 
dispatch. In power demand, the peak is typically in the afternoon, when maximum 
power is utilized by industrial areas, offices etc. The lowest levels of power required 
are typically early in the morning and later on in the evening. Water demand has 
an early peak for irrigation and domestic use and another peak around midday for 
industrial use.

14

(5)

Cpi  =  XTpi Api Xpi + BpiXpi + Cpi

Cwj  =  XTwj Awj Xwj + BwjXwj + Cwj

Cck  =  XTck Ack Xck + BckXck + Cck
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Fig. 3: Water production and demand profile over 24 hour period

It can also be noted that the three cogenerators are being chosen preferentially 
to meet the respective demand of power and water. The pure power plants and pure 
water plants are only used after the implementation of the cogenerators to match 
the periods of high demand in their respective demand. This occurs for two reasons. 
First, the heat rate data for a cogenerator plant, relatively speaking, has a much more 
exaggerated downward trend making it more economical to run close to capacity 
whenever possible. The second becomes apparent from Fig. 4 which shows the power 
to water ratio of the three cogenerators plotted against the power to water demand 
ratio. Typically, the mass and energy balance equations in the cogenerator units result 
in a process constraint that leads to a limited range of power to water ratio. 

Fig. 4: Power to water ratio for the cogenerator plants
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The figure shows that the demand ratio swings significantly causing each of the 
cogenerators to track accordingly. As a result, the pure water and power plants are 
essentially crowded out, coming online as units of last resort during peak demand 
hours. The tracking behavior of the cogenerators ultimately suggests that any process 
flexibility that can be achieved by dual product desalination units could lead to 
significantly improved optima.

Finally, Fig. 5 shows the total costs incurred over the 24-hour period. At first 
glance, the results seem counter-intuitive with higher total costs during periods of 
low production. 

Fig. 5: Cost incurred by different units over the period of 24 hours

Once again, this arises from the fact that the cogenerator heat rates are 
higher than single product plants in absolute terms for all production levels and 
also exhibit a much sharper downward trend for all production levels. As a result, 
costs are dominated by the cogeneration facilities, which were only dispatched due 
to their process constraints. The high cost of low demand arises from the fact that 
any incremental decreases in load are more than compensated by increases in the 
corresponding heat rate.

2.3  IPPs, IWPs, and IWPPs in the GCC
The supply-side power-water economic dispatch optimization program presented 
in the last subsection can be directly implemented in today’s water and electricity 
authorities all across the region. However, such an implementation would be in the 
context of the region’s heavily regulated power and water sectors. The true benefits 
of integrated energy-water markets (as described in the next subsection), are best 
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supported by independent power producers (IPPs) and independent water producers 
(IWPs) and independent power and water producers (IWPPs). This subsection 
describes some of the ongoing trends in this regard in the GCC. Electric power 
sector deregulation has been widely prescribed for power system improvement. It 
has been argued that the unbundling of vertically integrated utilities and creation of 
competitive wholesale markets stimulates innovation and thus increases reliability 
and efficiency while reducing end-user tariffs. Even where there are no wholesale 
markets, Independent Power Producers (IPPs) relieve governments and centralized 
utilities of upfront financing allowing them to channel available funds to other 
developmental projects. In the case of the GCC, where the water and electricity 
supply are so coupled, there is the potential for the unbundling of both power 
and water to form IWPs (e.g., RO desalination facilities) and IWPPs (e.g., MSF 
desalination facilities with power generation).

Following initial forays in the 1990s, the number of IPPs and Independent 
Power and Water Producers (IWPPs) has grown significantly in the GCC countries. 
Prior to 1996, all the GCC countries maintained vertically integrated electric 
power utilities. In that year, the Al-Manah Power Plant in Oman became the first 
Independent Power Producer (IPP) in the region. In 2002 the first Integrated Water 
and Power Producer (IWPP), Taweelah A2, was opened in Abu Dhabi. Currently, 
there are over two-dozen IPPs and IWPPs in operation in the GCC with installed 
capacity of 20 GW. This accounts for 23 percent of the GCC’s 94 GW of installed 
power capacity.32 By 2015, existing expansion plans will see the contribution of IPPs 
increase to 34 percent of the market and a doubling of installed capacity in absolute 
terms.33 

Unlike other regions in the world, the model currently employed throughout the 
GCC is advance stipulation of the quantity of power (and water) to be bought by 
the grids at a fixed price as well as a fixed fuel cost. This model, though attractive to 
investors, does not provide any incentive for producers to compete on efficiency and to 
continuously innovate to deliver the lowest possible economic and environmental costs.

2.4  Benefits of Integrated Energy-Water Markets
A competitive wholesale market with appropriate internalization of environmental 
impacts would provide incentives for efficiency and innovation. Due to the 
thermodynamic coupling of water and power production at cogeneration plants, this 

32. George Sarraf, Christopher Decker, Tim Gardner, and Walid Fayad, The Future of IPPs in the 
GCC New Policies for a Growing and Evolving Electricity Market, Technical report, Booz& Com-
pany, 2010.

33. Ibid.
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wholesale market should include both power and water dispatch. The illustration 
of the market clearing mechanism in Section 2.2 can be used to demonstrate the 
system-wide benefits.

The penetration of IPPs and IWPPs can facilitate such a transition but the 
current model used uniformly throughout the GCC would likely require policy 
reform. Currently, the government identifies capacity expansion needs, solicits bids 
for new power and cogeneration plants and awards tenders based on the levelized 
costs of electricity and water. The successful bidders then finance, construct and 
operate the plants. There is no competitive market pool and all produced electricity 
and water is sold to a single government controlled entity through Power and Water 
Purchase Agreements that typically run for 20 to 25 years. The agreements provide 
for a capacity payment designed to cover fixed costs and an energy payment that 
covers operations and maintenance costs. Fuel costs are often guaranteed by the 
government. In this set up, the single buyer absorbs both the fuel and demand risks.

The existing model has a number of disadvantages:34 

i. It reduces the incentive for the independent producers to continuously 
improve efficiency

ii. Power purchase commitments made in growth periods may lead to an 
overabundance of capacity in the future if there is an economic downturn

iii. Average energy costs decline as the use of a unit increases, and thus bids 
based on levelized costs favor IPPs that are committed to running at full 
capacity. This base load plant bias may, over time, result in an unbalanced 
system that is not as responsive as it could be to daily and seasonal demand 
fluctuations.

iv. The base load bias forces existing government-owned plants to operate in 
mid-load territory where they are typically less efficient.

Fully liberalized power markets would eliminate these disadvantages and 
thus should be pursued. In light of the coupling that cogeneration plants introduce 
to the supply sides of power and water grids, an integrated energy-water market 
could simultaneously co-optimize supply of both water and electric power while 
accounting for the physical constraints of cogeneration. In this market, IPPs, IWPPs 
and Independent Water Producers (IWPs) would submit bids to satisfy demand over 
a time horizon to a clearing mechanism, indicating relevant physical constraints. 
The mechanism would then optimize supply over the time horizon of interest. As 

34. Ibid.
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in power systems, multiple time horizon markets would likely be required in a final 
implementation.

2.5  Incorporating Demand Side Management
The consideration of power and water as a single nexus system also facilitates 
the eventual implementation of demand side management programs. Greater 
penetration of variable energy resources such as solar photovoltaic and wind power, 
which are not always well correlated with load, necessitates the integration of flexible 
demand side resources into dispatch mechanism. The ease with which water can 
be stored, in comparison to electricity, makes pumping, either at water treatment 
plants or with distribution system pumps, a valuable demand-side resource for the 
power grid.  Furthermore, the intelligent dispatch of water storage facilities can 
give co-production facilities a free variable in the ramping of their power-to-water 
production ratio leading to a more cost-efficient dispatch that more easily meets the 
demand of both products. The dispatch presented above can be further enhanced 
by incorporating water pumping and storage as flexible electrical demands.  This 
introduces power flow equations, water flow equations and models of pumping and 
storage into the economic dispatch as constraints.

3.  Integrated Energy-Water Planning

Moving on from opportunities in the operations time scale, this section considers 
integrated energy-water planning opportunities. The argument is presented in three 
parts. First, some of the challenges to integrated energy-water nexus modeling are 
discussed. Next, some of the recent work at the Laboratory for Intelligent Integrated 
Networks of Engineering Systems is presented in that regard as a prerequisite for 
integrated energy-water planning. Finally, the opportunities for integrated energy- 
water nexus planning are identified.

3.1  Challenges to Integrated Energy-Water Nexus Modeling
It is important to recognize that the electricity, water and wastewater infrastructure 
systems fall under the classification of engineering systems which DeWeck et al. 
define as: ‘A class of systems characterized by a high degree of technical complexity, 
social intricacy, and elaborate processes aimed at fulfilling important functions 
in society.’35 In other words, addressing the technical complexity alone is often 
insufficient to bring about effective and measurable holistic change. Rather, methods 

35. Olivier L. De Weck, Daniel Roos, and Christopher L. Magee, Engineering Systems: Meeting Hu-
man Needs in a Complex Technological World (Cambridge, Mass.,: MIT Press, 2011).
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from the necessary engineering disciplines must be seamlessly intertwined with the 
economic and social context in which these infrastructure systems operate. For this 
reason, the challenges can be viewed as both technical as well as socioeconomic.

From a technical perspective, the main challenge behind the energy-water nexus 
is that engineers are typically trained within disciplines (e.g., mechanical, electrical, 
chemical, civil) rather than broad-scoped problem areas such as the energy-water 
nexus. This often leads to silo thinking that generates piecemeal technical solutions 
that are restricted by the boundaries, competences, and methods of the respective 
engineering field. Nevertheless, if many of the traditional methods from multiple 
disciplines can be combined into a single analytical framework that addresses the 
full scope of the technical problem, then new, effective solutions can be developed 
that target the main technical barriers at the heart of the problem. Such an approach 
would also require an integrated technical modeling framework that draws upon 
engineering knowledge from electrical, mechanical and civil/water engineering. 
Furthermore, as seen from various studies, it is important to note that the challenges 
presented by the energy-water nexus are location specific. The mix of available 
water sources, electricity generation options, local effects of climate change, and 
societal requirements together determine the sustainability and robustness concerns 
associated with the nexus.

That enough technical disciplines can be combined into a single technical 
analytical framework is no guarantee that the technical solutions that it recommends 
will be implemented. Recalling the social intricacy of engineering systems, effective 
and measurable holistic change requires facilitating the decision-making processes 
that adopt the recommended technical solutions. Here, it is critical to demonstrate the 
partiality of typical decision-making methods for technical solutions. For example, 
rarely do cost-benefit analyses and ROI calculations consider that a renewable energy 
project has demonstrable impacts on water availability. Even if the true benefits and 
impacts of technical solutions were to be demonstrated in a single decision-making 
process, it does not necessarily mean that there exists a decision-making entity with 
sufficient jurisdiction for its implementation. Therefore, any technical solution must 
recognize that the context of decision-making is one in which multiple stakeholders 
must be brought to the table for coordinated decision-making on shared benefits 
and costs. Within the GCC, the energy-water nexus is effectively contained within 
the local integrated energy and water authority and hence can be viewed in terms 
of a directed system-of-systems. In other regions, integrated energy-water modeling 
can bring about the necessary coordination for efficiency and environmental impact 
improvements.
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3.2  Engineering Systems Modeling for Integrated Energy-Water Planning
Despite these challenges, work at the Laboratory for Intelligent Integrated Networks 
of Engineering Systems has developed qualitative and quantitative models of the 
energy-water nexus as a whole.36 These models arose from an awareness that the 
energy-water nexus has developed to be a major sustainable development challenge 
in part because the engineering of an industrial facility gives limited attention to the 
other industrial facilities upon which it depends.  The required input and subsequent 
output flows are specified during the facility’s design without the awareness that 
such flows cause suboptimal performance of the multi-facility system as a whole. 
Furthermore, given that cost/benefit and ROI analyses are often conducted purely 
within the scope of the facility design as a project, it is not clear that any design 
changes would occur even with greater awareness of the holistic system performance. 
For this reason, an appropriate system boundary for consideration of the energy- 
water nexus must be chosen judiciously.

Fig. 6 chooses such a boundary around the three engineering systems of 
electricity, water and wastewater.  It also depicts the high level flows of matter and 
energy between them and the natural environment. The valued products of electricity, 
potable water, and wastewater are all stationary within the region’s infrastructure. 
In contrast, the traditional fuels of natural gas, oil, and coal are open to trade 
and consumption by another sector if not consumed by the local thermal power 
generation. Consequently, the fuel processing function is left outside of the system 
boundary. Another advantage of this choice of system boundary is that the three 
engineering systems all fall under the purview of grid operators. Furthermore, in the 
GCC, all three grid operations are united within a single semi-private organization. 
This work has been fully developed into a reference-architecture of the energy-water 
nexus.37 

36. Amro M. Farid and William Naggaga Lubega, “Powering and Watering Agriculture: Applica-
tion of Energy-Water Nexus Planning,” in GHTC 2013: IEEE Global Humanitarian Technology 
Conference, Silicon Valley, CA, USA, 2013, 1-6; William Lubega and Amro M Farid, “An Engi-
neering Systems Model for the Quantitative Analysis of the Energy-Water Nexus,” in Complex 
Systems Design & Management, Paris, France, 2013, 1-12; William Naggaga Lubega and Amro M. 
Farid, “A Meta-System Architecture for the Energy-Water Nexus,” in 8th Annual IEEE Systems 
of Systems Conference, Maui, Hawaii, USA, 2013, 1-6; William Naggaga Lubega and Amro M. 
Farid, “A Reference System Architecture for the Energy-Water Nexus,” IEEE Systems Journal (in 
Press), 2013, 1-10; William Naggaga Lubega and Amro M. Farid, “Quantitative Engineering 
Systems Model & Analysis of the Energy-Water Nexus,” to be submitted: Journal of the Franklin 
Institute, X(X): 2013, 1-10.

37. William Naggaga Lubega and Amro M. Farid. “A Meta-System Architecture for the Energy-
Water Nexus,” in 8th Annual IEEE Systems of Systems Conference, Maui, Hawaii, USA, 2013, 1-6; 
William Naggaga Lubega and Amro M. Farid, “A Reference System Architecture for the Ener-
gy-Water Nexus,” IEEE Systems Journal (in Press, 2013): 1-10.
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Fig. 6: System context diagram for combined electricity,  
water & wastewater systems

The chosen boundary makes it possible to relate a region’s energy consumption 
to the required water withdrawals in a complex input-output model thus raising 
awareness of the cumulative water and energy losses that tax a region’s natural water 
resources. For example, the ratio (D + N)/(D + H + I + N) measures the degree of 
electrical coupling between the three systems. Such a measure represents a critical 
load on the electric grid but which ultimately can be reduced as water leakages 
are eliminated from the water system. If S is taken as a sustainable steady-state 
water withdrawal that the region’s environment can support, then (E + F )/S is the 
percentage of which the region’s infrastructure requires for operation. (A+C +R)/(E 
+F) represents the ratio of water displaced from its original source to the infrastructure 
water withdrawal. Similarly, (B +G)/(E +F) is the proportion of water withdrawn 
that is returned with significantly altered quality; a measure of environmental impact. 
Finally, (P + T)/Q is a relative measure of productively used wastewater.38 

38. Amro M. Farid and William Naggaga Lubega, “Powering and Watering Agriculture : Applica-
tion of Energy-Water Nexus Planning,” in GHTC 2013: IEEE Global Humanitarian Tech-
nology Conference, Silicon Valley, CA, USA, 2013, 1-6; William Lubega and Amro M. Farid, 
“An Engineering Systems Model for the Quantitative Analysis of the Energy-Water Nexus,” in 
Complex Systems Design & Management, Paris, France, 2013, 1-12; William Naggaga Lubega and 
Amro M. Farid, “Quantitative Engineering Systems Model & Analysis of the Energy-Water 
Nexus,” to be submitted: Journal of the Franklin Institute, X, X (2013): 1-10.
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Fig. 7: A Conceptual Illustration

An engineering systems model to solve for the various exchanges of matter 
and energy identified in Fig. 6 has been developed.39 Fig. 7 presents a conceptual 
illustration of a geographical region inspired by Egypt to which the model was 
applied and for which the measures previously described were determined.

•	 A	measure	of	the	degree	of	coupling	between	the	electricity	and	water	systems	
given by

 D/ (D + H + I) = 10.8%
•	 Water	 supply	 required	 to	 sustain	 the	 two	 engineered	 systems	 given	 by	 

E + F = 173.3m3/s
•	 Ratio	of	water	displaced	from	its	original	source	to	total	water	withdrawn	for	

water and electricity systems given by (A + C + R)/(E + F ) = 77% 
•	 Proportion	 of	 water	 withdrawn	 that	 is	 returned	 with	 significantly	 altered	

quality which is therefore a measure of environmental impact given by (B + 
G)/(E + F ) = 5%

3.3  Opportunities for Integrated-Energy Water Planning

The energy-water nexus reference architecture and the associated quantitative model 
presented in the previous section have the potential to inform numerous areas for 
integrated energy-water planning. These include:

39. Ibid.

23

RIVER 

Thermal Power
Plant

Groundwater
treatment plant 

WIND 

Thermal Power 
Plant 

DAM
HEP PV 

        Electricity Flows 

                    Water Flows 

Surfacewater  
          Electricity for water supply

Reverse Osmosis
Desalination Plant



Opportunities for Integrated Energy and Water Management in the GCC
William N. Lubega, Apoorva Santhosh, Amro M. Farid, Kamal Youcef-Toumi

Gulf  Research Center

1. Shifts towards renewable energy

2. Shifts in desalination technology

3. Optimization of water distribution networks and leaks

4. Usage of alternative forms of water

5. Integrated Environmental Management & Sustainable Development 

This section briefly discusses the opportunities and importance of each of these. 
Much of the awareness surrounding the energy-water nexus arose out of the water 
withdrawal and consumption of thermal electric generation facilities. In that regard, 
renewable energy presents an interesting alternative not just for its carbon neutrality 
but also because of its negligible water footprint. Neither solar PV nor wind energy 
use water in operations, and their upstream lifecycle processes have a limited impact 
on water resources. In the case of concentrated solar power, the in-built rankine cycle 
can be a cause for significant water use. However, this does not necessarily need to be 
the case. The recently built Shams 1 CSP plant in the UAE – the largest of its kind 
in the world at 100MW generation capacity – uses air-cooling in spite of formidably 
hot ambient temperatures. 

While air-cooling causes a marginal loss of energy efficiency, it has allowed 
the plant to be situated in Madinat Zayed, very much inland from the Gulf waters. 
These advantages stated, the intermittency of renewable energy may cause the need 
for grid-level storage. If this storage were to come in the form of pumped-hydro – as 
the most cost effective and most mature storage technology – then the penetration 
of renewable energy would have to be associated with the evaporation rates coming 
from the pumped-hydro facilities. Clearly, renewable energy poses interesting water-
energy trade-offs that can be quantitatively assessed. If water consumption and 
withdrawal were monetized, the case for renewable energy would inevitably be a 
stronger one.

Another area for integrated-energy water planning is on the supply side in 
regard to shifts in desalination technology. As previously mentioned, reverse-osmosis 
uses significantly less energy per water volume than MSF desalination facilities. 
Nevertheless, in the GCC, MSF co-production remains a viable option due to the 
quickly growing demand growth rates in both power and water. The optimal fleet 
of power and water generation capacity can be addressed with the same rigor as 
traditional power utilities execute generation planning. Furthermore, the existence 
of an integrated energy-water market can bring incentives for new separation 
technologies (e.g., membranes) which would create a long-term shift in energy-
water planning.
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Integrated energy-water nexus planning can also be applied to the water 
distribution network. This is the energy-water nexus analog of power transmission 
system planning. Here, the opportunities arises from the recognition that the 
topology of the water distribution system in terms of pipes, elevations, and pumps 
can be optimized for energy intensity and not just water flow capacity. Such an effort 
would naturally lead to a greater awareness of the energy-intensity of water leaks, that 
are often double-digit percentages of the total water originally treated. Integrated 
energy-water nexus modeling provides the opportunity to rationalize water leak 
improvement projects not just in terms of water not delivered to the customer but 
also the embedded energy required to pump, treat, and distribute this water. The 
associated return on investment calculations would more accurately reflect the true 
cost of leaked water.

Water distribution system planning, however, is not just the delivery of 
homogenous water as it is in the case of transmission system planning. In reality, 
water quality is just as important as water quantity. Traditionally, water infrastructure 
has been divided into two qualities, one of potable quality and another of waste 
quality. More advanced water infrastructure (such as is found in Qatar and the UAE) 
will treat some of the wastewater to create a third network usually intended for 
agricultural use. The natural extension of a three-quality water infrastructure system 
is one that distinguishes water distribution into many potential water qualities. In 
such a way, the water infrastructure can deliver water of various types to the various 
industrial, agricultural and mining uses that exist within a geographical region. 
While making such planning decisions, it is important to not just minimize the use 
of natural water resources but also keep track of the embedded energy of the various 
water types flowing through the infrastructure. The planning of such an advanced 
water infrastructure would ultimately require the use of more decentralized water 
treatment facilities. Furthermore, the planning methods would have to rely on the 
state-of-the-art in the heterofunctional graph theory. That said the underlying 
principle is simple: the wastewater from one facility or sector can easily be the input 
water for another facility or sector with minimal levels of treatment and distribution.

These opportunities for integrated-energy water nexus planning suggest that 
integrated energy-water nexus modeling has a significant role to play in the future 
of environmental management and sustainable development decision making. 
Infrastructure planning decisions can and should demonstrate scenarios in which 
trade-offs in CO2 emissions, water and energy resource consumption are all balanced. 
Actions can then be highlighted to make the largest improvements in environmental 
performance per cost.
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Conclusion: Opportunities for EU-GCC Collaboration
Electric power is required to produce, treat, distribute, and recycle water while water 
is required to generate and consume electricity. The goal of this position paper has 
been to identify and motivate opportunities for the operations management and 
planning of the energy-water nexus. The paper began with an exposition of the 
energy-water nexus, as it applies in an aggravated manner in the GCC. To that 
effect, current data from the electric power system, the potable water distribution 
system and the wastewater distribution system was summarized. Here, the GCC’s 
hot and arid climate combined with the use of integrated energy-water utilities gives 
it distinct motivation to consider the energy-water nexus holistically. The second 
part of the paper shifted to opportunities in operations management. Recent work at 
the Laboratory for Intelligent Integrated Networks of Engineering has produced a 
number of optimization programs to support the deregulated operation of integrated 
energy-water markets. To support the viability of this idea, an energy-water nexus 
supply side economic dispatch was presented. To that effect, the deregulated energy 
markets found in the European Union can serve as the basis for further research and 
development towards a deregulated GCC integrated-energy water market. The third 
part of the paper shifted its focus to discuss planning opportunities for the energy-
water nexus for the sustainable development of water and energy resources. These 
included new methods that encourage renewable energy penetration and balance 
the portfolio of desalination technologies. These also include integrated strategies 
for the design of water infrastructure to minimize embedded energy while reusing 
water of various qualities. As the European Union leads the world in renewable 
energy integration, a notable opportunity for collaboration would be the extension of 
existing generation and transmission capacity planning to not just include renewable 
energy integration but also water aspects. In all, the integrated energy-water nexus 
models presented and cited in this work have a high potential for future work and 
extension.
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