Applied Energy 122 (2014) 42–52

Contents lists available at ScienceDirect

Applied Energy
journal homepage: www.elsevier.com/locate/apenergy

Real-time economic dispatch for the supply side of the energy-water
nexus
Apoorva Santhosh a, Amro M. Farid a,b,⇑, Kamal Youcef-Toumi c
a

Masdar Institute, Engineering Systems & Management, P.O. Box 54224, Abu Dhabi, United Arab Emirates
MIT Technology Development Program, 77 Massachussetts Avenue, Cambridge, MA 02139, United States
c
MIT Mechanical Engineering, 77 Massachussetts Avenue, Cambridge, MA 02139, United States
b

h i g h l i g h t s
 First multi-plant real-time simultaneous economic dispatch of power & water.
 Constrained production cost optimization of energy-water nexus supply side.
 Development is contrasted to single product and power-heat literature.
 Results indicate dual-product plants crowd out cheaper single product plants.
 Directly applicable to regions with integrated water & energy utilities (e.g. GCC).

a r t i c l e

i n f o

Article history:
Received 10 June 2013
Received in revised form 27 January 2014
Accepted 29 January 2014

Keywords:
Energy-water nexus
Electricity market
Smart power grid
Smart water grid
Water distribution
Energy management

a b s t r a c t
Clean energy and water are two essential resources that any society must securely deliver. Their usage
raises sustainability issues and questions of nations’ resilience in face of global changes and mega-trends
such as population growth, global climate change, and economic growth. Traditionally, the infrastructure
systems that deliver these precious commodities, the water distribution and power transmission networks are thought of as separate, uncoupled systems. However, in reality, they are very much coupled
in what is commonly known as the energy-water nexus. Although this subject has recently caught the
attention of numerous policy and regulatory agencies, rarely is it holistically addressed in terms of an
integrated engineering system for its management, planning, and regulation as an interdisciplinary concern. This work speciﬁcally ﬁlls this gap by addressing the supply side of this integrated engineering system. Speciﬁcally, it develops the multi-plant real-time simultaneous economic dispatch of power and
water. While signiﬁcant background literature has addressed traditional power dispatch, and the emerging co-dispatch of power and heat, as of now there does not exist a parameterized model for the optimized dispatch of power and water for multiple power, water, and coproduction facilities. The work
presents such a model where production costs are minimized subject to capacity, demand and process
constraints. It is demonstrated on an illustrative example of modest size. Interesting results were
observed suggesting that the coproduction 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 a basis for set-points upon which
individual plants can implement their optimal control. In so doing, it makes a supply-side contribution to
the ongoing grand-challenge of improving the sustainability of the energy-water nexus.
Ó 2014 Elsevier Ltd. All rights reserved.
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Clean energy and water are two essential resources that any
society must securely deliver [1] in order to develop sustainably;
i.e. meet its economic, social and environmental goals [2,1,3,4].
In the case of energy, the overuse of conventional resources has
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raised concerns over global climate change, smog and acid rain collectively [5]. Consequently, research into clean renewable energy
resources and energy efﬁciency methods has increased. Similarly,
potable water is another vital resource for survival and development. Increased water use has grown substantially in recent years;
tracking strongly with energy use and economic development and
leading to depleted water tables in many geographic regions [6].
Therefore, there is an important need to optimize both energy
and water resources in light of quickly depleting global energy resources, increased concern about national security, and the need
for sustainable economic growth.
Energy and water usage also raises sustainability issues and
questions of nations resilience in the face of global changes and
mega-trends [2,6]. Developing nations, in particular, project strong
water and electricity demand growth driven by population growth.
Economic growth and the associated improvements in individual
lifestyles also imply a subsequent intensiﬁcation in the per capita
demand of water and electrical energy. Furthermore, the hot and
arid climates found in many developing nations amplify the coupling of water and energy use. As a result, typical water deﬁcits
may intensify into aggravated water scarcity. Global climate
change projections foresee further distortions in the availability
and consumption of fresh water [7]. The nations that take early
planning measures in their infrastructure development are likely
to be in a better position to mitigate energy and water usage
impacts.
1.2. Scope
Traditionally water distribution and power transmission networks are thought of as separate uncoupled infrastructure systems.
And yet, these two essential resources are intrinsically coupled in
that the production, distribution and consumption of one often requires the other [8]. This interlinked meta-system is often called
the energy-water nexus and is deﬁned here as:
Deﬁnition 1. Energy-Water Nexus [9–12]: A system-of-systems
composed of one infrastructure system with the artifacts necessary
to describe a full energy value chain and another infrastructure
system with the artifacts necessary to describe a full water value
chain.
Table 1 shows the couplings between the energy and water systems. The greatest attention has been given to the cross-interactions of energy supply to water demand or vice versa. Many
empirical methods and studies have attempted to quantitatively
assess the water consumption requirements and impacts of thermal power generation facilities [13–21]. Similarly, research is
underway to improve technologies that would diminish this impact [22,23]. Another cross-coupling is the electrical pumping energy required to produce and dispatch potable water [24–27]. As
the subject of this paper, coproduction facilities like hydroelectric
and thermal desalination plants [28] couple the respective supply
sides of energy and water [29]. Finally, the residential, commercial,
and industrial use of electric heating and cooling for water consumption presents a major coupling on the demand side of both
systems [30].

43

Although the energy-water nexus has recently caught the attention of numerous policy and regulatory agencies [13,24,30–35],
rarely [36–38], is it holistically addressed in terms of an integrated
engineering system framework for its management, planning and
regulation as an interdisciplinary concern. Recent research into
smart (power) grid activities implicitly require a rebalancing of
power generation technology portfolio [39]. Similarly, smart
(water) grid activities implicitly require a rebalancing of the water
supply technologies be they desalination, groundwater pumping or
water recycling [40,41]. Paradigmatically, as well as technologically, there is a great potential for convergence of these work
streams. Recently, the energy-water nexus has been modeled as
an integrated engineering system [9,10] and initial work for holistic quantiﬁed planning is reported [11,12].
This paper restricts its scope to the real-time economic dispatch
of the supply-side of the engineered electricity and water systems.
This includes the couplings manifested by the operations management of hydroelectric and thermal desalination facilities. Hydroelectric facilities have a hydro-power production function that ties
the output power to the spillage [42–45]. Meanwhile, thermal
desalination facilities require a steam balance that couples the heat
by-product of power generation to the production of potable water
[46–48]. Therefore, in this approach, the optimal mix of produced
water and power is determined by how these plants operate within
the greater context of water and power real-time economic dispatch. The term ‘‘real-time’’ economic dispatch is borrowed from
power system market operation to refer to a time scale that ranges
from 5 min to 1 h.
1.3. Relevance
The optimization of the supply side coupling is of greatest interest in the Gulf Cooperation Council (GCC) countries. The hot and
arid climates found in the GCC cause a heavy reliance on desalination technology to alleviate the scarcity of potable ground water.
The additional reliance on climate-controlled buildings further
exacerbates power dispatch with sharp peak loads. Fortunately,
most GCC nations operate their water and power utilities within
a single organization and therefore the optimization program presented in this work is of direct industrial applicability [49]. Similar
combined water and power utilities may be found in other regions
of the world. Furthermore, the presence of a cooptimization program can highlight potential efﬁciencies if separated power and
water utilities were to coordinate their activities. The cost-optimization program presented in this work is ﬁrst intended for the GCC
region which works under regulated frameworks. Ultimately, this
work can serve in the development of an integrated energy-water
market not unlike deregulated energy markets found in European
and North American nations.
1.4. Contribution
This paper constitutes the ﬁrst part in a three part series in
which traditional power system optimization techniques are
generalized from power-only markets to the energy-water nexus
supply side. The ﬁrst of these optimization programs is the realtime economic dispatch [50,51]. It is further developed here. Its

Table 1
Supply and demand side energy-water nexus couplings.
Power supply

Power demand

Water supply

Co-generation:
 Thermal Desalination
 Hydroelectric

 Pumped water
 Water Distribution
 Wastewater Recycling

Water demand

Thermal-power generation facilities

Residential, commercial, industrial use of electric heating & cooling of water
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optimization program is compact so as to limit computational
intensity and facilitate implementation on a time scale between
5 min and 1 h. This work is complemented by an expanded program
that includes ramping rates and the storage of both water and energy
[52,53]. It closely resembles a power system unit commitment or
‘‘look-ahead dispatch’’. Finally, the third part in the series introduces
the effect of power and water network capacity limits [54]. It closely
resemble a power system DC optimal power ﬂow.
1.5. Paper outline
The remainder of the paper develops in six sections. Section 2
highlights aspects of the background literature to power-water
co-optimization. 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 modeling methodology
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 inter-disciplinary nature of the work, a large number of both context and
foundational literature has been included.
2. Background literature
This section highlights aspects of the background literature for
power-water co-optimization. First, power and water economic
optimization literature are introduced as prerequisite single product optimizations. Next, the literature on dual product optimization for power and heat is reviewed. The section concludes with
the mention of efforts to co-optimize power and water.

the generation facilities [78,79]. Finally, the optimal power ﬂow
problem considers the power transmission constraints within the
network [80–87].
The implementation of economic dispatch also varies widely
depending upon the regulatory structure. They are broadly classiﬁed as regulated and unregulated. In the former, although the utility may purchase from a neighboring utility, it is vertically
integrated and therefore primarily responsible for its own generation, transmission and distribution of power to the customers in its
area. In the deregulated supply system, generation and distribution
are uncoupled and customers are no longer bound to one utility
but are free to purchase from any suppliers on the grid. Purchasing
of power is done via the electricity market mechanisms and transmission scheduling is conducted by the independent system operator [88–90]. Comprehensive treatments of deregulated electricity
markets can be found in [91–95], while the literature also provides
specialized treatments in deregulated price forecasting, dispatching and bidding simulation [96–98]. It is generally agreed that
deregulated power systems provide greater market incentives for
generation capacity investments and as a result allow for a
smoother transition into newer technologies and greater ﬂexibility
[99].
From a purely mathematical point of view, real-time economic
dispatch can be considered the most basic algorithm to deliver
power in an economic fashion [55]. It minimizes the total power
generation cost subject to the capacity limits of the power plants
and the balance of power generation and demand under the lossless transmission assumption. It can be presented equivalently as
either a primal or dual problem depending on the implementation
in a regulated or deregulated market [57]. Formally, the primal
problem is:

min C G ðxpi Þ ¼

np
X
C pi ðxpi Þ

ð1Þ

i¼1

2.1. Real-time economic dispatch of power – Problem formulation

s:t:

np
X
ðxpi Þ ¼ Dp

ð2Þ

i¼1

Economic dispatch [55] is the process of allocating the generation of power in a manner so as to minimize the cost of production
of the needed power by encouraging the use of cheap fuels and/or
most efﬁcient plants. This is an area which has been developed
extensively both academically and industrially [56,57]. One of
the most important advantages of the economic dispatch problem
is that it allows for all types of generating plants to be treated
equally despite their individual physical characteristics and constraints. It does so by focusing on creating a generalized algorithm
with a uniform cost function and constraints in order to effectively
handle different types of plants. Typically, the cost function is taken to be of quadratic form, however, different approaches also
consider the cost to be linear, piecewise linear, and in certain cases
of higher polynomials as needed [56,58,59].
Industrially speaking, the economic dispatch of power is usually
handled in stages of increasing frequency rather than in a single
pass optimization. The ﬁrst stage is called the day-ahead energy
market and uses a class of optimization program called unit commitment. It serves to commit resources, and set approximate generation levels and prices for the 24 h of the following day based
upon demand bids, generation offers, and scheduled bilateral
transactions [60–71]. The next stage in economic dispatch is the
real time spot market [72–77]. In this real-time economic dispatch,
electricity generation and prices are calculated at intervals between 5 min and 1 h based upon actual grid operating conditions.
This paper may be viewed as a development of a real-time economic dispatch for both power and water. The two stages applied
together allow the dispatch to correct for errors in the demand
forecast while respecting the startup and ramping capabilities of

xpi 6 xpi 6 xpi

ð3Þ

2.2. Real-time economic dispatch of municipal water
In contrast to the well developed regulated and deregulated
markets within the electrical infrastructure, the economic dispatch
of water has achieved neither a comparable intellectual consensus
nor widespread industrial adoption. In their recent review, Chong
and Sunding outline the broad classes of objections to water markets and trading [100]. That said, the Dublin Principles arising from
the 1992 International Conference on Water and Environment
state [101]: ‘‘Managing water as an economic good is an important
way of achieving efﬁcient and equitable use, and of encouraging
conservation and protection of water resources.’’ A number of different economic approaches to water management have emerged
including general equilibrium models, cost-beneﬁt analyses,
agent-based models, and hydro-economic models [100].
The broader class of hydro-economic models are of greatest relevance here in that they can be considered to incorporate the realtime economic dispatch of water. Hydro-economic models typically use optimization over discrete time-steps to simulate the
water resource management of a region. As the name suggests,
they combine an economic model in the form of a monetization
function of the water’s value with algebraic constraints that describe the engineering physics of the water ﬂows in the region
[100].
When applied to municipal water, the monetization often reﬂects the utility’s variable costs for water treatment and pumping.
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The underlying engineering model depends on the intended application but often includes state-space equations of the hydrodynamics, a connectivity matrix to represent the hydraulic network,
and capacity limits on the reservoir sizes and releases [102]. The
temporal resolution can range from hours to years and the spatial
resolution can range from a household to groups of countries
[100,102]. Interestingly, the academic literature concerning the
optimal pumping control problem for multi-reservoir systems
has drawn extensively from techniques as varied as linear and nonlinear programming, stochastic optimization, dynamic programming and discrete-time optimal control [102–112]. As in power
systems, multi-stage optimizations in which medium-term operations are cascaded into hourly optimizations have also been reported [113,114]. These may be further cascaded into real-time
reservoir control systems [115–117]. In all, there exists a rich academic literature to address the various types of economic dispatch
of municipal water.
Nevertheless, these academic contributions have not necessarily translated to industrial implementation [100,102,103]. Signiﬁcant anecdotal evidence has been reported within the literature
over several decades suggesting a lack of industrial conﬁdence in
the applicability of the optimization models, combined with poorly
designed
incentives
to
improve
operational
efﬁciency
[100,102,103,118]. That said, the dozen or so successful real-time
optimal pumping control implementations have relied on decision
support systems and SCADA as enabling technologies. The continued development of these technologies in combination with
increasing water scarcity pressures are likely to inﬂuence greater
adoption of real-time economic dispatch of municipal water
[102,103].
2.3. Co-dispatch of power and heat
The consistent application of economic dispatch of power 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 [119–121]. 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 [122]. Many policy-makers, particularly in Northern
Europe, further supported dual product facilities through regulatory development [123]. 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 consumer [124] – often in the form of a contentiously negotiated [125,126] long-term contract [127]. Naturally, some have argued to ease these restrictions on heat and
power – as dual products – with a more dynamic treatment [128].
To that effect, a power-heat economic dispatch approach has
been applied within the literature. Typically, it creates a single
objective function for coproduction 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 heat produced
[129–133].
2.4. Co-optimization of power and water
Generally speaking, research on co-optimization of power and
water has focused on the optimization of one particular plant
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and hence does not provide an extensible and general optimization
formulation. For example, some focus on optimized planning and
design rather than operations [134–136]. Still others ﬁnd methods
of cost allocation [137]. Finally, one author directly addresses the
economic dispatch of a single MSF desalination 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 [138]. In contrast, a number of robust optimization methods have been recently applied to hydrothermal systems
[42,139–144], but they do not speciﬁcally include the potable
water demand from the water utility. To the authors’ knowledge,
there does not exist a parametrized model for the optimization
of multiple co-generation plants in conjunction with pure power
and water plants with no such assumptions of cost splitting. There
exists a need for a model that allows for all three plants to be treated with equity. While similar techniques have been used for
power-heat cogeneration, it has not been extensively explored in
power water co-optimization and may serve as the basis of set
point determination for single-plant optimization formulations.
3. Modeling methodology
This section describes the modeling methodology for the formulation of an optimization program to simultaneously dispatch
power and water. Section 3.1 provides a conceptual model of the
system of interest. Section 3.2 then recounts the optimization program ﬁrst presented in [50] whose goal is to provide dispatch setpoints that individual facilities can use for single-plant target
optimizations. Recalling the discussion of Section 1.4, the ultimate
goal of this optimization program is to mimic the role of a realtime power market but instead for the supply-side of the energywater nexus. Therefore, efforts are made to keep the optimization
program as compact as possible to limit its computational intensity
and facilitate its implementation on a time scale between 5 min
and 1 h.
3.1. Conceptual model
Fig. 1 provides a graphical representation of the conceptual
model that serves as the basis for the development of the optimization program. It consists of an integrated power & water utility
that is interested in simultaneously serving an electrical power demand as well as a potable water demand. The respective grids are
modeled as single nodes. The utility dispatches power, water, and
coproduction facilities may be independent or vertically integrated. The power facilities may be taken as dispatchable thermal
power generation plants. The coproduction facilities may be either
hydroelectric or thermal desalination. They couple the respective
grids by virtue of their production cost functions and their process
constraints. The water plant may be a ground or surface pumping
station or a reverse osmosis desalination plant all with the necessary treatment capabilities to ensure potable water. The conceptual model and associated optimization program do not preclude
a wastewater treatment plant from recycling water back into the
potable water distribution network, although this remains an
infrequent use case.
The choice of three types of facilities includes two inherent
assumptions. The optimization programs in [52,53] explicitly considered electrical energy and water storage facilities. Here, it is assumed that electrical energy storage facilities are of such a small
penetration that their contribution can be neglected. In contrast,
water utilities maintain water storage reservoirs whose volume
capacity is often greater than many days worth of maximum ﬂow
release. Therefore, within the time scale of 5 min to 1 h, it is highly
unlikely that a storage facility will run up against its volume
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Fig. 1. Model for the co-dispatch of power and water supply.

capacity limit. As a result, it is not essential to include the storage
level of water storage facilities over this time scale. Instead, the set
of water storage facilities may be included directly within the set
of water production facilities. These two assumptions bring about
a signiﬁcant computational beneﬁt in that the optimization time
blocks can now be entirely decoupled, and a separate optimization
can be run as each time bock comes in ‘‘real-time’’.
The power generation facilities require a fuel source whose cost
serves as the basis of the production cost function. The same holds
true for the coproduction facilities based upon thermal
desalination.
Each water and coproduction facility is assumed to draw from
its own independent water source. The model also applies to a single aggregate water source; as in the practical case of the Persian
Gulf serving all desalination facilities in the U.A.E. Hydrologically
speaking, the water sources are assumed to be able to support
the maximum water ﬂow capacities of the water production facilities that they serve. The power and water demands are measured
net of any power and water requirements to the dispatched facilities and are ultimately delivered to the utility’s power and water
customers.
3.2. Problem formulation

min C G ðX pi ; X wj ; X ck Þ ¼
C pi ðX pi Þ þ

i¼1

nw
X

C ck ðX wj Þ þ

j¼1

nc
X

C wj ðX ck Þ

ð4Þ

k¼1

subject to the capacity, demand and process constraints in Eqs. (5)–
(7) respectively.

X pi 6 X pi 6 X pi

8i ¼ 1; . . . ; np

X wj 6 X wj 6 X wj

8j ¼ 1; . . . ; nw

X ck 6 X ck 6 X ck

8k ¼ 1; . . . ; nc

np
nw
nc
X
X
X
X pi þ
X wj þ
X ck ¼ D
i¼1

j¼1

k¼1

xcpk
6 rk
xcwk

8k ¼ 1; . . . ; ncp

ð7Þ

where C pi , C wj , C ck are the scalar cost functions for the ith power production facility, the jth water production facility and the kth coproduction facility. Additionally, np , nw , nc are the numbers of power,
water and coproduction facilities respectively. r upper
and rlower
are
k
k
upper and lower bounds on the power-water production ratio for
the coproduction plants. Here, the process constraints do not model
the physical ﬂows of power and water for coproduction facilities, as
this would be intractable for all facilities. Instead, they represent the
reasonable limits of safe operation of the coproduction process. D
represents the power and water product demand vector. Finally,
the conventional overbar and underbar notation is used to reﬂect
minimum and maximum capacity limits. Note that xwj and xcwk
are allowed to take on negative values to account for the possibility
of water storage in the system.
The cost functions C pi , C wj , C ck are assumed to exhibit a quadratic structure in their respective production variables. This is a
commonly held assumption for all three types of facilities: thermal
power and coproduction facilities [56] and water treatment plants
[145].

C pi ¼ X Tpi Api X pi þ Bpi X pi þ Kpi

The formulation of the power-water co-optimization ﬁrst proposed in [50] is as follows. Minimize the production cost objective
function CG with respect to the quantity of power generated by a
power plant xpi, water produced by a water plant xwj, the power
generated by a coproduction plant xcpk and water produced by a
coproduction plant xcwk in the three types of plants: i, j, k power,
water, and coproduction respectively. The following notations are
introduced to vectorize the formulation: Xpi = [xpi, 0]T, Xwj = [0, xwj]T
, Xck = [xcpk, xcwk]T, D = [Dp, Dw]T
np
X

rk 6

ð5Þ

ð6Þ

C wj ¼ X Twj Awj X wj þ Bwj X wj þ Kwj
C ck ¼

X Tck Ack X ck

ð8Þ

þ Bck X ck þ Kck

The cost function coefﬁcients are appropriately sized positive constant matrices based upon the heat rate characteristics of their
respective production units.
The optimization model as presented may be classiﬁed as a
nonlinear mathematical program subject to smooth monotonic
constraints. With the exception of the process constraints, these
constraints are linear. Therefore, this mathematical program is a
practical candidate for existing off-the-shelf nonlinear optimization engines and has a high potential for industrial implementation
within the time scale of 5 min to 1 h.
4. Simulation methodology
Recalling Section 1.5, this real-time economic dispatch is the
ﬁrst in a three part series of optimization programs that have been
recently developed [50–54]. In order to demonstrate consistency of
approach between these contributions together, the common elements of the simulation methodology and data are used throughout. They are recounted here for clarity and convenience.
The data used to demonstrate this optimization was selected for
two reasons: (1) The timing of power and water demand peaks and
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troughs is typical in the GCC. (2) The range of the power and water
demands is exaggerated to demonstrate the convergence capability of the selected optimization engine. The hypothetical test case
is composed of 4 power plants, 3 co-production desalination facilities, and 1 reverse osmosis water plant. The associated plant and
cost data is summarized in Table 2. Table 3 includes 24 h of power
and water demand data and a single optimization run is done for
each of these hours.
Given the relatively well-behaved functional forms of the optimization program, it was sufﬁcient to implement the optimization
program with existing optimization engines for the numerical
solution. The MATLAB and GAMS languages were used together;
the former for data handling and visualization and the latter for
optimization. The built-in CONOPT solver was selected for its efﬁcient interior point algorithm for large scale nonlinear optimization problems [146].

Table 3
Power and water demand data [51–53].

5. Results
The results of the optimization include: the dispatch levels of
power and water in Figs. 2 and 3 respectively, the power to water
ratio for the coproduction plants relative to the power and water
demand ratio in Fig. 4, and the total costs incurred over the 24 h
period in Fig. 5. Each of these ﬁgures is discussed in turn.
Figs. 2 and 3 show the power and water generation proﬁles over
the 24 h respectively. The optimization successfully completed in
spite of a more than a 4 variation in power demand over the
course of the day. These exaggerated peaks and troughs for both
power and water represent more demanding optimization conditions than those commonly found in power demand proﬁles in real
life dispatch. The power and water demand proﬁles are also not
necessarily trending together leading to a signiﬁcant variation in
the demanded 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 & commercial use.

Hour

Power demand (MW)

Water demand (m3/h)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

1250
1125
875
750
950
1440
1500
1750
2000
2250
2500
2750
2875
3250
2750
2500
2125
2375
2250
1975
1750
1625
1500
1376

150
130
100
150
200
350
300
200
300
400
500
600
400
400
500
550
550
500
400
350
300
250
200
150

Interestingly, the co-production facilities act as units of ‘ﬁrstchoice’. The single product power and water plants are essentially
being used as peaking plants; coming into operation only to meet
periods of high demand of their respective products. This occurs for
two reasons. First, the heat rate data for the coproduction plants,
relatively speaking, has a much more exaggerated downward trend
making them more economical to run close to capacity whenever
possible. The second becomes apparent from Fig. 4.
Fig. 4 elucidates one cause of the coproduction facilities being
used as units of ‘ﬁrst-choice’. As the power to water demand ratio
swings over the course of the day, the cogeneration facilities are
not just incentivized to run as close to full capacity as possible
but also are constrained by their product ratio process constraint.
Internal to a coproduction facility, there exist mass and energy balance laws that fundamentally limit the range of the power to water
ratio. In this simulation, these limits of safe operation were set to
the typical values of 4 6 R 6 9 MW/m3. The ﬁgure shows that the

Table 2
Plant and cost data [51–53].
Plant type

Index

Max power
capacity (MW)

Max water
capacity (m3/h)

Min power
capacity (MW)

Min water capacity
(m3/h))

Min product ratio
(MW h/m3)

Max product ratio
(MW h/m3)

Power
Power
Power
Power
Coproduction
Coproduction
Coproduction
Water

i1
i2
i3
i4
k1
k2
k3
j1

500
400
400
350
800
600
400
0

0
0
0
0
200
150
100
250

0
0
0
0
160
120
80
0

0
0
0
0
30
23
15
0

–
–
–
–
4
4
4
–

–
–
–
–
9
9
9
–

Power plant cost coefﬁcients
Bp
Ap

Cp

2.069e4
3.232e4
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Fig. 2. Power generation and demand proﬁle over 24 h period.

Fig. 3. Water production and demand proﬁle over 24 h period.

Fig. 4. Power to water ratio for the cogenerator plants.

demand ratio swings signiﬁcantly causing each of the coproduction facilities to track accordingly. As a result, the single product
power and water plants are essentially crowded out; coming
online as units of last resort during peak demand hours. The

tracking behavior of the coproduction plants ultimately suggests
that any process ﬂexibility that can be achieved by dual product desalination units could lead to signiﬁcantly improved
optima.
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Fig. 5. Cost incurred by different units over the period of 24 h.

Finally, Fig. 5 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 coproduction 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 coproduction 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
demand are more than compensated by increases in the corresponding heat rate.

6. Conclusions and future work
The co-optimization program distinguishes itself from previous
work in that it allows for deciding set points on the basis of which
individual plants can plan their optimal operation. Total costs as a
function of power and water generation subject to the demand,
capacity and process constraints were minimized on a hypothetical
system composed of four power plants, three production facilities
and one water plant. Interesting results were observed suggesting
that the coproduction minimum capacity limits and process constraints can lead to scenarios where cheaper single product plants
can be crowded out of the dispatch. Such results suggest that water
and/or power storage can have an important role in relieving
process constraints and reducing costs [52,53].
The economic dispatch seeks to optimize the use of resources
both in terms of costs and efﬁciencies. By systematically employing an economic dispatch, there is a trend to dispatch plants that
are more energy efﬁcient. Thus, plants are incentivized to improve
their efﬁciencies by using better fuels and better technologies. This
is especially relevant for the simultaneous co-optimization of
power and water since it encourages more efﬁcient use of fuels
by producing dual products while at the same time providing
two vital resources in an economical manner. That said, the cooptimization does present challenges that would not be found in
either of the single product cases alone.
As has been observed, there has been a strong coupling between
water and power and this is more likely to increase in coming years
as demand for both increase. There are two ways to handle this.
One possible option is to try to reduce coupling between the two
products. Water plants based upon reverse osmosis technology
do require signiﬁcant electrical input but they avoid coupling
power generation with water production as in MSF plants. How-

ever, this generally is only applicable to new plant installation
and much less so to retroﬁtting scenarios. The other option is to
better understand the coupling between these two resources and
use a well established algorithm to optimize their production.
For example, much attention has recently been given to the integration of renewable energy into desalination facilities [29].
Operations research in the energy-water nexus is an area where
there is a lot of potential for future development. As traditional
power economic dispatch has evolved over the last few decades,
the combined optimization of power and water can evolve similarly. Organic developments that incorporate physical constraints
like ramping, transmission losses and start-ups are likely to appear.
There is also potential to examine how to better optimize dispatch,
by including, for example, power and water storage. Given the ease
of water storage and the growing potential for power storage,
initial work has been done on the impact of storage facilities on
the supply side of energy-water nexus [52,53]. Similarly, initial
developments on the incorporation of transmission constraints
are reported [51].
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