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ABSTRACT
Water distribution and power transmission
networks are thought of as separate uncoupled
infrastructure systems. In reality, they may be
viewed as a single system which may be called the
energy-water nexus. In hot and arid climates, this
nexus takes on a deeper meaning in terms of the
economic dispatch of power, water and
cogenerating desalination units.
This paper
represents a co-optimization framework for the
economic dispatch of water and electric power. In
particular, an optimization program is provided that
minimizes total costs as a function of power and
water generation subject to demand, capacity and
process constraints. It is distinct from existing
literature in that it focuses on the simultaneous
optimal operation of all plants within the power
and water delivery networks within a generalized
mathematical formulation. The optimization was
then demonstrated on a hypothetical system
composed of four power plants, three cogenerators
and one pure water plant. Interesting results were
observed suggesting that the cogenerator minimum
capacity limits and process constraints can lead to
scenarios where cheaper single product plants can
be crowded out of the dispatch.
The program
provides a systematic method of achieving optimal
results and can serve as basis for set-points upon
which individual plants can implement their
optimal control.
1. INTRODUCTION
Traditionally water distribution and power
transmission networks are thought of as separate
uncoupled infrastructure systems. However, in
reality, a large quantity of energy is required to
deliver clean water while a large quantity of water
is required to generate electricity [1-3].
This
coupling – often called the energy-water nexus[215] is particularly evident in countries with hot and
arid climates where both energy and potable water
are two essential resources that must be securely
delivered[16]. Once such example is the heavy
reliance
on
co-production
desalination
facilities[17] that use the thermal energy produced
as a byproduct of power production to produce
potable water. The co-optimization of water
production and power generation has gained a new
found importance[12, 17-19] in light of quickly
depleting global energy resources[20, 21],
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increased concern about national security [22, 23],
and the need for sustainable economic growth[24,
25].
This paper addresses a specific aspect of the
energy-water nexus, namely simultaneous cooptimization for the economic dispatch of power
and water. In particular, the coupling between the
simultaneous dispatch of these two products is
accounted for by considering the plants’ physical
characteristics as well as the process constraints
that limit the relative quantities of power and
water. Therefore, in this approach, the optimal mix
of produced water and power is determined by how
these plants operate within the greater context of
the water and power economic dispatch.
The remainder of the paper develops in six
sections. Section 2 highlights aspects of the
background literature to power-water cooptimization. Specifically, the power economic
dispatch problem formulation is introduced as a
prerequisite single-product optimization and then
the dual-product co-optimization literature is
reviewed. The paper then presents the problem
formulation for the co-optimization of power and
water and then proceeds to explain the simulation
methodology in Section 4. Section 5 presents the
results for an example system with 8 plants under
three different operating scenarios: uncoupled,
coupled-inflexible, coupled-flexible.
The paper
concludes in Section 6. Given the interdisciplinary nature of the work, a large number of
both context and foundational literature has been
included.
2.

BACKGROUND

This section highlights aspects of the background
literature for power-water co-optimization. First,
the power economic dispatch is introduced as a
prerequisite single product optimization. Then
general literature of dual-product optimization is
reviewed. The section concludes with the mention
of efforts to co-optimize power and water.
2.1 Economic Dispatch: Problem Formulation
Economic dispatch can be considered the most
basic algorithm to deliver power in an economic
fashion[26].
It minimizes the total power
generation cost subject to the capacity limits of the

power plants and the balance of power generation
and demand[26]. Formally:
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where CG is the production cost objective function,
Dp is the power demand and xpi, Cipp, minGenPPi,
maxGenPPi are the power generated, operational
cost curve, and the lower and upper capacity limits
for the ith generator respectively.
This basic mathematical formulation can be
extended to include additional phenomena such as
power losses, transmission constraints[26] as in the
case of optimal power flow, and startups,
shutdowns, and ramping constraints as in the case
of unit commitment [27]. Other literature has
enhanced the basic economic dispatch formulation
to minimize carbon dioxide[28] or improve
reliability.[29]
2.2 Review of Dual-Product Co-Optimization
The majority of research in this area has been done
on the dual products of power and heat, as heat is a
useful by-product in northern European countries.
Considered highly efficient[30], co-generation
captures heat lost during the production of
electricity and converts it into useful thermal
energy in the form of steam. This steam can be
used for heating purposes such as district heating
or industrial processes [31, 32]. The resulting
efficiency gains also bring about cost savings,
reduced air pollution and greenhouse gas
emissions, increased power reliability and quality,
reduced grid congestion and avoided distribution
losses[30].
Dual product co-optimization literature has
typically addressed the cogeneration of electricity
and heat from a single fuel source by creating 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 [33-37].
2.3 Co-optimization of power-water
Optimization research has been brought to bear on
cogeneration water and power facilities. Generally
speaking, this research has focused on the
optimization of one particular plant and hence do

not provide an extensible and general optimization
formulation. For example, [38-40] focus on
optimized planning and design rather than
operations. Still others find methods of cost
allocation[41].
Finally, one author directly
addresses the economic dispatch of a single
specific facility composed of a number of subunits[42] but neither generalizes the formulation
nor applies it all the water and production units in
water and power grid. This paper, in contrast,
considers the case of multiple co-generation plants
in conjunction with pure power plans and water
plants and makes no such assumptions of cost
splitting. While similar techniques have been used
for power-heat cogeneration, it has not been
extensively explored in power water cooptimization and may serve as the basis of setpoint
determination for single-plant optimization
formulations.
3. CO-OPTIMIZATION OF POWER AND
WATER: PROBLEM FORMULATION
The formulation of the power-water cooptimization is as follows.
Minimize the
production cost objective function CG with respect
to the quantity of power generated by the power
plant xp , water produced by the water xw , the
power generated by the cogenerator plant xcp and
water produced by the cogeneration plant xcw in
the three types of plants: i ,j ,k power, water, and
generation respectively. The following notations
are introduced:
T
T
T
T
X p = ⎡⎣ x p ,0⎤⎦ , X w = ⎡⎣0, x w ⎤⎦ , X c = ⎡⎣ xcp , xcw ⎤⎦ , D = [ D p , Dw ] .
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where Cipp, Cjwp, Ckcp are the scalar cost functions
for the ith power production facility, the jth water
production facility and the kth co-production
facility respectively. Additionally, npp, nwp, ncp 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. D represents the power
and water product demand vector. Finally,
MinGenPP , MinGen WP, MinGenCP, MaxGenPP
, MaxGenWP and MaxGenCP are the minimum
and maximum power and water capacity limits for
rklower ≤

power, water, and co-production facilities
respectively.
The cost functions Cipp, Cjwp, Ckcp are assumed to
exhibit a quadratic structure in their respective
production variables.

on a HP Laptop with an Intel Core i5 CPU2.27
GHz processor. The CONOPT solver was used to
execute the optimization. In total, the code for the
hypothetical system above completed within 2
seconds.

The cost function coefficients are appropriately
sized positive constant matrices based upon the
heat rate characteristics of their respective
production units. The heat rate for different types
of plants are well discussed in the literature[43].

5. RESULTS

4.

Figures 1, and 2 show the generation levels of
power and water respectively. Figure 3 shows the
power to water ratio for the three plants relative to
the power to water demand ratio. Finally, Figure 4
shows the total costs incurred over the 24 hour
period.

SIMULATION METHODOLOGY

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 fuel
cost of coal and natural gas were taken as 2.0 and
5.6 $/MMBTU respectively[44].
Variable
operations & maintenance costs were taken as 44
and 13 percent of total fuel costs running at 80%
capacity[45]. Heat rates from were used for coal
and natural gas and then quadratically regressed.
The final cost structure for power plants was taken
as
(8)
Cipp = fuelcost * heatrate( x) + varO & M
The water plant was assumed to be a singleproduct desalination unit running on natural gas
with equal variable O&M costs whose heat rate
was provided in [43] and subsequently
quadratically regressed against water capacity
assuming a fixed power-water ratio. Cogeneration
units were equally treated with the addition that the
heat rate was made to depend on both water and
power production according to the change of
variable relation:
X / Xmax = X 1 / 2 Xmax + Y 1 / 2Ymax (9)
Where X1 , Y1, are new variables of power and
water production, X is old variable for power
production and Xmax and Ymax are maximum
capacities of power and water for the cogenerators.
Maximum capacity limits were taken as
1e3*[5,4,4,3.5]MW,
[300]m3/hr,
and
1e2[(80,60,40)MW;(4,3,2)m3/hr] for power, water
and cogeneration facilities respectively. Minimum
capacity levels were set to 20% of maximum
capacity for cogeneration units and zero otherwise.
The following hourly demand data was used:
Dp=[12.5, 11.25, 8.75, 7.5, 9.375, 14.375, 15, 17.5,
20, 22.5, 25, 27.5, 28.75, 32.5, 27.5, 25, 21.25,
23.75, 22.5, 18.75, 17.5, 16.25, 15, 13.75]*1e3 and
Dw=[3, 2.6, 2, 3, 4, 7, 6, 4, 6, 8, 10, 12 ,8, 8, 10,
11, 11, 10, 8, 7, 6, 5, 4, 3]*1e2. Minimum and
maximum process constraint ratios were set at 20
and 45 in units of MW/m3/hr.
The implementation was programmed in a
combination of MATLAB and GAMS languages

The results of the optimization program in Section
3 as applied to the hypothetical system described in
Section 4 are now presented.

Figure 1 Power generation & demand profile over
24 hour period.

Figure 2 Water production & demand profile over
24 hour period.

Figure 3 Power to water ratio for the cogenerator
plants

Figure 4 Cost incurred by different units over the
period of 24 hours
We can observe from Figure 1 and Figure 2 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 be 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.
It can also be noted that the three cogenerators are
being chosen preferentially to meet the respective
demand of power and water respectively. 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 cogenerator plant,
relatively speaking, has a much more exaggerated
downward trend making them more economical to
run them close to capacity whenever possible. The
second becomes apparent from Figure 3.
Figure 3 plots the power to water ratio of the three
cogenerators 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; here set to 20 to 45
MWperM3/hr. 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 significant
improved optima.
Finally, Figure 4 shows the total costs of
generation. At first glance, the results seem
counter-intuitive with higher total costs during
periods of low production. 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.
6. CONCLUSIONS
This paper has developed a simultaneous cooptimization program for the economic dispatch of
water and power. Traditionally water distribution
and power transmission networks have been
thought of as separate uncoupled infrastructure
systems. Here, they were treated as a single system
containing power, water and cogenerating
desalination units. The co-optimization programs
distinguishes itself from previous work in that it
optimal operation of all plants within the power
and water delivery networks within a generalized
mathematical formulation.
Total costs as a
function of power and water generation subject
demand, capacity and process constraints were
minimized on a hypothetical system composed of
four power plants, three cogenerators and one pure
water plant. Interesting results were observed
suggesting that the cogenerator minimum capacity
limits and process constraints can lead to scenarios
where cheaper single product plants can be
crowded out of the dispatch.
The program
provides a systematic method of achieving optimal
results and can serve as basis for set-points upon
which individual plants can implement their
optimal control. In so doing, it contributes to the
ongoing grand-challenge of improving the
sustainability of the energy-water nexus.
7. REFERENCES
1.

2.

Larson, D., et al., California's EnergyWater Nexus: Water Use in Electricity
Generation.
Southwest
Hydrology,
2007(September/October): p. 20-22.
Thirwell, G.M., C.A. Madramootoo, and
I.W. Heathcote, Energy-Water Nexus:
Energy Use in the Municipal, Industrial,
and Agricultural Water Sectors, in
Canada-US Water ConferenceOctober

3.

4.

5.

6.

7.

8.

9.
10.

11.
12.

13.

14.

2007, Policy Research Initiative of
Canada and the Woodrow Wilson
Institute: Washington, D.C. .
Macknick, J., et al., A Review of
Operational Water Consumption and
Withdrawal Factors for Electricity
Generating Technologies, 2011, National
Renewable Energy Laboratory: Golden,
CO. p. 1-21.
AWE-ACEEE, Addressing the EnergyWater Nexus: A Blueprint for Action and
Policy Agenda, May 2011, Alliance for
Water Efficiency and the American
Council for an Energy Efficient Economy:
Washington D.C.
DOE, Demands on Water Resources:
Report
to
Congress
on
the
Interdependency of Energy and Water,
December 2006, U.S. Department of
Energy: Washington, D.C. p. 1-21.
EPA, Cooling Water Intake Structures at
Existing Facilities and Phase I Facilities,
EPA, Editor July 20, 2011: Washington
DC.
Fotis, S., T. Carbonell, and K. Gregg.
EPA Proposes Standards for Cooling
Water Intake Structures at Power Plants
and Other Facilities. April 4, 2011;
Available
from:
http://www.vnf.com/news-alerts576.html.
GAO, Fresh Water Supply: States Views
of How Federal Agencies Could Help
Them Meet the Challenges of Expected
Shortages, 2003, United States General
Accounting Office: Washington D.C.
Griffiths-Sattenspiel, B. and W. Wilson,
The Carbon Footprint of Water, 2009,
River Network: Portland, OR.
Hightower, M., Energy Meets Water:
Two basic needs have a common cause:
New Technologies to assure sustainable
future. Mechanical Engineering:
The
Magazine of the ASME, July 2011.
Jain, C.P., Water for Energy, 2010, World
Energy
Council:
London,
United
Kingdom.
Kenny, J.F., et al., Estimated Use of Water
in the United States, 2005, U.S.
Department of the Interior -- U.S.
Geologicaly Survey: Reston Virginia.
McMahon, J., et al. Water Energy
Technology Team: Role in the EnergyWater Nexus. February 2012; Available
from: http://water-energy.lbl.gov/node/21.
Pate, R., et al., Overview of Energy-Water
Interdependencies and the Emerging
Energy Demands on Water Resources,
2007, Sandia National Laboratories:
Albuquerque, New Mexico.

15.

16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

WEF, Energy Vision Update 2009 Thirsty
Energy: Water and Energy in the 21st
Century, 2009, World Economic Forum:
Geneva, Switzerland.
Hoffman, A.R., The Connection: Water
and Energy Security. Energy Security,
2004.
El-Nashar, A.M., Cogeneration for power
and desalination - State of the art review.
Desalination, 2001. 134(1-3): p. 7-28.
Jiménez-Espadafor Aguilar, F., et al.,
Prediction of performance, energy savings
and increase in profitability of two gas
turbine steam generator cogeneration
plant, based on experimental data.
Energy, 2011. 36(2): p. 742-754.
Zhi-Gao, S., Energy efficiency and
economic
feasibility
analysis
of
cogeneration system driven by gas engine.
Energy &amp; Buildings, 2008. 40(2): p.
126-30.
Akdeniz, F., A. Çağlar, and D. Güllü,
Recent energy investigations on fossil and
alternative nonfossil resources in Turkey.
Energy Conversion and Management,
2002. 43(4): p. 575-589.
Malik, S.N. and O.R. Sukhera,
Management of natural gas resources and
search for alternative renewable energy
resources: A case study of Pakistan.
Renewable and Sustainable Energy
Reviews, 2012. 16(2): p. 1282-1290.
Bogardi, J.J., et al., Water security for a
planet under pressure: interconnected
challenges of a changing world call for
sustainable solutions. Current Opinion in
Environmental Sustainability, 2012. 4(1):
p. 35-43.
Chester, L., Conceptualising energy
security and making explicit its polysemic
nature. Energy Policy, 2010. 38(2): p.
887-95.
Islam, S.M.N., M. Munasinghe, and M.
Clarke, Making long-term economic
growth more sustainable: evaluating the
costs and benefits. Ecological Economics,
2003. 47(2–3): p. 149-166.
Zuo, H. and D. Ai, Environment, energy
and sustainable economic growth.
Procedia Engineering, 2011. 21(0): p.
513-519.
Allen J.Wood, B.F.W., Power Generation
Operation and Control1996.
Hobbs, B.F., The next generation of
electric power unit commitment models.
International series in operations research
& management science2001, Boston:
Kluwer Academic Publishers. vi, 319 p.
Ming, Y., H. Xue-Shan, and L. Wei-Jen.
Emission Constraints Economic Dispatch
with Mixed Fuel Cost Curves. in Power

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

Symposium, 2007. NAPS '07. 39th North
American. 2007.
Han, X. and Z. Liu. Short-term thermal
unit commitment including reliability and
dynamic economic dispatch. in TENCON
'93.
Proceedings.
Computer,
Communication, Control and Power
Engineering.1993 IEEE Region 10
Conference on. 1993.
Rosen, M.A., Energy, environmental,
health and cost benefits of cogeneration
from fossil fuels and nuclear energy using
the electrical utility facilities of a
province.
Energy
for
Sustainable
Development, 2009. 13(1): p. 43-51.
Tsai, W.-T. and K.-J. Hsien, An analysis
of cogeneration system utilized as
sustainable energy in the industrial sector
in Taiwan. Renewable and Sustainable
Energy Reviews, 2007. 11(9): p. 21042120.
Ziębik, A. and P. Gładysz, Optimal
coefficient of the share of cogeneration in
district heating systems. Energy, (0).
Algie, C. and W. 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. 2004. Hong
Kong.
Piperagkas, G.S., A.G. Anastasiadis, and
N.D. Hatziargyriou, Stochastic PSObased heat and power dispatch under
environmental constraints incorporating
CHP and wind power units. Electric
Power Systems Research, 2011. 81(1): p.
209-218.
Tao, G., M.I. Henwood, and M. van
Ooijen, An algorithm for combined heat
and power economic dispatch. Power
Systems, IEEE Transactions on, 1996.
11(4): p. 1778-1784.
Linkevics,
O.
and
A.
Sauhats.
Formulation of the objective function for
economic dispatch optimisation of steam
cycle CHP plants. in Power Tech, 2005
IEEE Russia. 2005.
Rifaat, R.M. Economic dispatch of
combined cycle cogeneration plants with
environmental constraints. in Energy
Management and Power Delivery, 1998.
Proceedings of EMPD '98. 1998
International Conference on. 1998.
Ali M, E.-N., Optimal design of a
cogeneration plant for power and
desalination taking equipment reliability
into consideration. Desalination, 2008.
229(1–3): p. 21-32.

39.

40.

41.

42.

43.

44.

45.

Cardona, E. and A. Piacentino, Optimal
design of cogeneration plants for
seawater
desalination.
Desalination,
2004. 166(0): p. 411-426.
Shakib, S.E., et al., Multi-objective
optimization of a cogeneration plant for
supplying given amount of power and
fresh water. Desalination, 2012. 286(0): p.
225-234.
Ali M, E.-N., Cost allocation in a
cogeneration plant for the production of
power and desalted water — comparison
of the exergy cost accounting method with
the WEA method. Desalination, 1999.
122(1): p. 15-34.
El-nashar, A.M. and M.S. Khan,
Economic scheduling of the UAN
cogeneration plant: A preliminary
optimization study. Desalination, 1991.
85(1): p. 93-127.
Klein, J.B., The Use of Heat Rates in
Production Cost Modeling and Market
Modeling, 1998, Electricity Analysis
Office -- California Energy Commission.
Rapier, R. Prices of Various Energy
Sources.
2010;
Available
from:
http://www.consumerenergyreport.com/20
10/01/19/prices-of-various-energysources/.
Anonymous,
Projected
Costs
of
Generating Electricity, 2005, Nuclear
Energy Agency and International Energy
Agency.

