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Electric power is required to produce, treat, distribute, and recycle water while water is
required to generate and consume electricity. Naturally, this energy-water nexus is most
evident in multi-utilities that provide electricity and water but still exists when the nexus
has distinct organizations as owners and operators. Therefore, the sustainability question
that arises from energy-water trade-offs and synergies is very much tied to the potential
for economies of scope. Furthermore, in the hot and arid regions, multi-utilities are not
only common, but also the nexus is particularly exacerbated by the high energy intensity
of the water supply due to limited fresh water resources.
This presentation presents a reference system architecture for this purpose developed
and presented with the Systems Modeling Language (SysML). Once instantiated, this
architecture identifies and motivates several opportunities for integrated operations
management and planning of the the energy-water nexus (EWN). First, an exposition of
the EWN is given. This discussion focuses on the electric power, potable water, and
wastewater distributions systems. Second, the paper shifts to opportunities in integrated
operations management highlighted by an energy-water nexus supply-side economic
dispatch illustration. Thirdly, the discussion shifts to planning opportunities for the
energy-water nexus for the sustainable development of water and energy resources. A
concluding section summarizes the policy implications of the identified opportunities.

Presentation Abstract
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“Energy is physical, energy is economic, energy is political”
Political	Context

LIINES Research:  the Case for Engineering Systems

Integration

Intelligent Networked Engineering System

Physical Grid: Networked Engineering System

Intelligent Planning
Operations & Control

Physical
Grid

Intelligent Networked Engineering System

Physical Grid: Networked Engineering System

Intelligent Planning
Operations & Control

Physical
Grid

3

Prof. Amro M. Farid
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§ An Energy-Water Nexus Introduction
§ A Holistic View of the Energy-Water Infrastructure
§ Optimized Operations in Integrated Energy-Water Utilities
§ Opportunities for Integrated Planning & Operations
§ Extensions to Agricultural, Industrial, Commercial & Residential End Uses

§ References can be found at (18 Publications):  
§ LIINES Energy-Water Nexus Webpage:  
§ http://engineering.dartmouth.edu/liines/research/EWN/index.php

Presentation Outline
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§ Clean energy and water are two 
essential resources that any 
society must securely deliver in 
order to develop sustainably i.e. 
meets its economic, social, and 
environmental goals

§ Water is required in energy 
generation & consumption

§ Energy is required to produce, 
treat, distribute and recycle 
water

∴Individual coupling points are often studied
∴We seek an integrated energy-water approach to engineering design,
operations management, and infrastructure planning

Energy-Water Nexus:  Overview
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§ Energy-Water Nexus particularly 
aggravated in water-scarce regions 
with dry-arid-hot climates

§ Examples:  American South West, 
The Gulf Cooperation Council, 
Mediterranean, Australia, etc. 

§ Dependence on climate control 
technology

§ Mega-Trends
§ é water demand/capita
§ é energy demand/capita
§ é Population growth
§ é Economic growth
§ é Distortions of freshwater availability 

due to climate change
§ é Water treatment standards, flue gas 

management, ageing infrastructure
∴The importance of any individual coupling depends by region!

Energy Water Nexus in Dry and Arid Regions
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Electric Power Consumption/capita in MENA region
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Renewable Water Resources/Capita in MENA region
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§ US: 49% of fresh water withdrawals 
are by power plants
- Withdrawn and returned
- Reliability concern

§ US: 3% of fresh water consumption 
are by power plants
- Withdrawn, but not returned
- Sustainability concern

Water Use in the Electric Power System

§ But, aren’t power plants built close to natural water resources?  What’s the 
problem?
- France, 2003: power plant shut down, caused by a water shortage
- Texas, 2011: again

§ NREL: commissioned several studies to vulnerability of the power supply, 
especially focused on the Western US.
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Electric Power Use in the Water System (3)

Water	System	Activity Energy	Intensity	
[kWh/MG]

Water Supply:
• Gravity	fed
• Groundwater	(GW)
• Brackish	GW
• RO	desalinated	

seawater
• MSF	desalinated	

seawater
• Recycled	water

0
2,000
3,200
5,000

14,000

1,100

Water	Treatment 100	– 16,000

Water	Distribution 250	– 1,200

Wastewater	Collection	&	
Treatment

700	– 4,600

Wastewater	discharge 0	– 400

Total: 1,050	– 36,200

Treatment	Type Energy	Intensity	
[kWh/m3]

Trickling	filter 0.25

Activated	Sludge 0.34

Advanced	Treatment 0.4

Advanced	Treatment	w/	
Nitrification

0.5

Surface	Water	Treatment 0.06

Ground	Water	Treatment 0.16

Reverse	Osmosis 3-5

Multistage	Flash	
Desalination

10-20
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Electricity 
Supply SystemNatural

Surface
Environment

Energy-Water Nexus Infrastructure

Fuel Mining & Production System

Legend:
   

   
 
A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for 
Electricity Supply System, C -- Processed Fuel, D -- Renewable Energy, E -- Electrical energy for 
Engineered Water Supply System, F -- Heat for Cogeneration, G -- Electrical Energy for Wastewater 
Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,  
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered 
Water Supply System, N -- Non-Potable Water Withdrawal for Engineered Water Supply System, P -- 
Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste Water for End 
Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- 
Recycled Potable Water, W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced 
Water, Γ  -- Recycle Produced Water, Δ  -- Fuel for End Use, Θ  -- Fuel for Trade

Engineered 
Water Supply

System

Electricity
Supply System

Wastewater
Management

System
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∴Judiciously choosen system boundary. Calculate energy-water infrastructure flows

Systems Engineering of Energy Water Nexus (SEWN)
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∴Electric supply system function illustrates activities and their interactions.

Systems Engineering of Energy Water Nexus (SEWN)
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∴Water supply system function illustrates activities and their interactions.

Systems Engineering of Energy Water Nexus (SEWN)
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∴Wastewater management system function illustrates activities and their interactions.

Systems Engineering of Energy Water Nexus (SEWN)
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∴Electric supply system form illustrates blocks and their relationships.

Systems Engineering of Energy Water Nexus (SEWN)
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∴Water supply system form illustrates blocks and their relationships.

Systems Engineering of Energy Water Nexus (SEWN)
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∴Wastewater management system form illustrates blocks and their relationships.

Systems Engineering of Energy Water Nexus (SEWN)
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∴System knowledge base shows the allocation of system function to system form.

Systems Engineering of Energy Water Nexus (SEWN)
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

LUBEGA AND FARID: REFERENCE SYSTEM ARCHITECTURE FOR THE ENERGY–WATER NEXUS 7

TABLE II
ELECTRICITY, WATER, AND WASTEWATER SYSTEMS KNOWLEDGE BASE

Fig. 5. Form of electricity supply system.

will be higher, and thus, water withdrawals will be lower.
The evaporation from the cooling tower is dependent on the
vaporization enthalpy (kJ/kg) of the water as the heat is carried
away by evaporating water at saturation temperature—this is
in contrast to open-loop systems, in which the heat is carried
away by a temperature increment and for which the specific
heat capacity (kJ/kg · K) is, thus, the water property of interest.

Wind and solar photovoltaic power plants, for purposes of an
energy–water nexus model, need only be characterized by their
electrical characteristics as they do not consume water in oper-
ation. Particularly of interest is their ability to provide reactive
power and their integration into reactive power support [43],
as users’ reactive power demand (var) currently necessitates

the operation of synchronous generators in thermal and
hydroelectric power plants, which do have a water footprint.
Hydroelectric power plants have a specific flow rate require-
ment (m3/kWh) given the dam reservoir height (m) and the
turbine efficiency. In the event that this flow rate cannot be sus-
tained for a desired power output level, due to drought, for ex-
ample, the power output must be lowered. From a consumptive
point of view, the quantification of the potentially significant
water evaporation from the reservoir requires an evapora-
tion model [40]. Alternatively, evaporation isolines constructed
from annual average pan evaporation data [44], [45] can be used
together with the coordinates and surface area of the reservoir
to determine evaporative losses. Either approach would yield
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∴Judiciously choosen system boundary. Calculate energy-water infrastructure flows

Electricity 
Supply SystemNatural

Surface
Environment

Energy-Water Nexus Infrastructure

Fuel Mining & Production System

Legend:
   

   
 
A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for 
Electricity Supply System, C -- Processed Fuel, D -- Renewable Energy, E -- Electrical energy for 
Engineered Water Supply System, F -- Heat for Cogeneration, G -- Electrical Energy for Wastewater 
Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,  
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered 
Water Supply System, N -- Non-Potable Water Withdrawal for Engineered Water Supply System, P -- 
Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste Water for End 
Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- 
Recycled Potable Water, W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced 
Water, Γ  -- Recycle Produced Water, Δ  -- Fuel for End Use, Θ  -- Fuel for Trade
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§ Degree of coupling between the 
electricity and water systems: 

§ Water supply required to sustain 
the two engineered systems:  

§ A+B+M+N-V
§ Ratio of water displaced from its 

original source to total water 
withdrawn:

§ (K+P-V)/(A+B+M+N-V)
§ Proportion of water withdrawn 

that is returned with significantly 
altered quality

§ (R+L+U)/(A+B+M+N-V)

E + F + G −W!
E + F + G −W + ! + ! + !1!

Systems Engineering of Energy Water Nexus (SEWN)
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§ Multiple conversations w/ UAE utilities:  
need for co-dispatch of power & water

§ Economic Dispatch of Power & Water
§ Unit Commitment of Power & Water
§ Role of Power & Water Storage and 

Ramping Rates in Co-Dispatch
§ Role of Power & Water Transmission 

Constraints
§ Synergistic Role of Renewable Energy 

Integration into the Energy-Water 
Nexus

∴LIINES first to provide rigorous methods for power & water co-dispatch
methods

Need for Integrated Energy Water Market Dispatch
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§ IPPs:  Independent Power Producers
§ IWPs: Independent Water Producers
§ IWPPs: Integrated Water and Power Producers

Contracts in MENA region:
§ Fixed contracts for 20-25 years
§ Contracts include water and power production level and fuel supply cost

Disadvantages:
§ No incentive for efficiency improvements
§ May lead to overabundance of power in times of economic downturn
§ Bids based on maximum capacity:  bias towards baseload plants – not as 

flexible
§ Baseload bias of independent operators may push government owned plants to 

the mid-load, inherently less efficient

IPPs, IWPs, and IWPPs in the MENA
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Integrated Energy-Water Operations in the MENA Region

PGD

PCS

Dispatchable Stochastic

Power Grid

Water Distribution 
Network

WGD

WCS

WGC

PGC
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Conceptual Model [14-18] 

Objective:		To	minimize	cost	of	production	in	a	multi-plant	generation	network	which	
consists	of	power	generation	plants,	water	production	plants	and	dual	product	plants

©Amro	M.	Farid			2014
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∴LIINES first to provide rigorous methods for power & water co-dispatch
methods

A Simple Economic Co-Dispatch 

17 

Energy'Water+Nexus+GCC+ Integrated+Market+Opera8on+ Integrated+Planning+ Conclusion+

͵Ǥ �ēęĊČėĆęĊĉ �ēĊėČĞǦ�ĆęĊė �ĆėĐĊę �ĕĊėĆęĎĔē

��� ����� �������� �� ��� kth ������������ ����� �cwk Ǥ ��� ��������� �������� �� ����������ǣ

Xpi = [xpi, 0]
T

Xwj = [0, xwj ]
T

Xck = [xcpk, xcwk]
T

D = [Dp, Dw]
T

��� ��������� �������� ��� �� ������� ��ǣ

min CG(Xpi, Xwj , Xck) =
npp∑

i=1

Cpi(Xpi) +

nwp∑

j=1

Cwj(Xwj) +

ncp∑

k=1

Cwj(Xck)
ȋͳȌ

������� �� ��� ��������ǡ ������ ��� ������� ����������� �� ��������� ʹǡ ͵ ǡ ��� Ͷ ������������Ǥ

MinGenPPi ≤ Xpi ≤ MaxGenPPi i = 1...npp

MinGenWPi ≤ Xwj ≤ MaxGenWPj j = 1...nwp

MinGenCPk ≤ Xck ≤ MaxGenCPk k = 1...ncp

ȋʹȌ

npp∑

i=1

Xpi +

nwp∑

j=1

Xwj +

ncp∑

k=1

Xck = D ȋ͵Ȍ

rlower
k ≤

xcpk
xcwk

≤ rupperk ∀k = 1..ncp ȋͶȌ

����� �pi ǡ �wj ǡ �ck ��� ��� ������ ���� ��������� ��� ��� ith ����� ���������� ��������ǡ ��� jth ��Ǧ
��� ���������� �������� ��� ��� kth ��Ǧ���������� ��������Ǥ ������������ǡ �p ǡ �w ǡ �c ��� ��� ������� ��
�����ǡ ����� ��� ��Ǧ���������� ���������� ������������Ǥ �upperk ��� �lower

k ��� ����� ��� ����� ������
�� ��� �����Ǧ����� ���������� ����� ��� ��� ������������ ������Ǥ ����ǡ ��� ������� ����������� �� ���
����� ��� �������� ϐ���� �� ����� �������� ��� ������������ ����������ǡ �� ��������� �� ����������� ���
��� ����������Ǥ �������ǡ ���� ��������� ��� ���������� ������ �� ���� ��������� �� ��� ��Ǧ���������� ���Ǧ
����Ǥ � ���������� ��� ����� ��� ����� ������� ������ ������Ǥ 	������ǡMinGenPP ǡMinGenWP ǡ
MinGenCP ǡ MaxGenPP ǡ MaxGenWP ��� MaxGenCP ��� ��� ������� ��� ������� �����
��� ����� �������� ������ ��� �����ǡ �����ǡ ��� ��Ǧ���������� ���������� ������������Ǥ

��� ������������ ������� �������� ����� ��� ������� ��� �� � ������������ ������ �������� ��
����� ����� ������ǡ � ������� ��� �����ǡ ����� ������������ ��� ��� ��������� �����Ǥ ��� ���� ���������
�pi ǡ �wj ǡ �ck ��� ������� �� ������� � ��������� ��������� �� ����� ���������� ���������� �������������
��� ���� �������� ����ϐ������� ����� ������������� ����� �������� ���������������� ����� ���� ��� ����
���� ��������������� �� ��� ���������� ���������� �����Ǥ

Cpi = XT
piApiXpi +BpiXpi + Cpi

Cwj = XT
wjAwjXwj +BwjXwj + Cwj

Cck = XT
ckAckXck +BckXck + Cck

ȋͷȌ

	������ ʹǡ ��� ͵ ���� ��� ���������� ������ �� ����� ��� ����� ������������Ǥ �� ��� �� ��������
���� ��� ����� ����� ��� ����� ��������� �� ���� ���� ������� ��� ����� ��� ����� ������ ���ϐ���
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∴Integrated Energy-Water Dispatch would solve many existing problems!

algebraic modeling system) languages were used together; the
former for data handling and visualization and the latter for opti-
mization. The in-built CONOPT solver was used. The code was
executed on a Macbook Laptop with a 2.8 GHz Intel Core i7 pro-
cessor in approximately 0.3 s.

4. Results

This section presents the results for three case studies: a base
case of limited storage capacity and charging capability, a Singapore
inspired case of limited storage capacity but large charging capa-
bility, andMiddle East inspired case with large storage capacity and
change capability. In each case, six figures are presented: (1) & (2)
the electrical power and water dispatch, (3) the total production
costs, (4) the coproduction power to water ratios, and (5) & (6) the
electrical energy and water stored.

4.1. Base case e limited storage, limited ramping abilities

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 4! variation in power demand over the course
of the day. Such a demand profile represents more exaggerated
optimization conditions than those commonly found in power
demand profiles found in real life dispatch. Interestingly, the co-
production facilities act as units of ‘first-choice’. The single prod-
uct power and water plants are essentially being used as peaking
plants; coming into operation only tomeet periods of high demand.
In this sense, this work confirms the results found previously where
ramp rates and storage facilities were not included [23]. The figures
also show the modest quantities of energy and water storage as
evidenced by the difference between the blue (in web version) and
green (in web version) lines.

Fig. 4 elucidates one cause of the cogeneration facilities being
used as units of ‘first-choice’. As a first observation, the total costs
seem to be higher during periods of low demand. This atypical
result originates from the fact that the cost curves used for the
power, water and co-production facilities were strongly quadratic
leading to significantly reduced per unit costs at near full capacities.
Such a result may be found in real life with power generation fleets
that rely exclusively on ‘base-load’ technologies like nuclear and
coal power [49]. This strongly quadratic cost curve data is partic-
ularly noticeable in the coproduction facilities; causing them to be

dispatched as close to full capacity as possible. The base case total
costs amount to 15,981 dollars which is used for comparison in the
next two cases.

Fig. 5 further elucidates another cause that the cogeneration
facilities are being used as units of ‘first-choice’. As the power to
water demand ratio swings over the course of the day, the cogen-
eration facilities are not just incentivized to run as close to full
capacity as possible but also are constrained by their product ratio
process constraint of 4 " R " 9 MW/m3. Provided that the cogen-
eration plants have sufficient capacity to meet this ratio, they track
the ratio. Interestingly, storage facilitiese especially as presented in
this paper with zero costs in the objective function e help alleviate
this need for tracking and allow for incrementally more flat
production.

Finally, Figs. 6 and 7 show the storage of electrical energy and
water over the 24 h period. As expected, the storage begins at the
zero initial conditions, grows during periods of low demand and is
subsequently used during periods of high demand. Overall, the
quantities of energy and water storage grow over the course of the
day given the incentives provided by the strongly quadratic cost
curves. Nevertheless, the storage capacity and water do not seem to
saturate; suggesting that the storage facility is more constrained by
the net charging flow of water and electrical power, rather than the
stock capacity.

4.2. Singapore inspired case e limited storage, large charging
abilities

Singapore’s water management challenges are well known [46e
48]. As an island-nationwith limited landmass, it has limited space
for either natural water reserves or man-made water storage. It
does, however, rely on water desalination and recycling. This case
uses limited storage with high charging capabilities as is inspired
by Singapore’s situation.

To that effect, Figs. 8 and 9 show the power and water produc-
tion profile over 24 h. While the power generation profiles
show energy storage quantities have remained relatively constant,
the water production profiles show a much more noticeable usage
of water storage; as seen by the difference between the green (in
web version) and blue (inweb version) lines. In the base case, when
storage capacity and charging capabilities of storage were limited,
the production facilities were forced to meet the demand closely in
each time period. This case demonstrates a more flat power

Fig. 2. Case 1: power generation and demand profile over 24 h period.

A. Santhosh et al. / Energy xxx (2014) 1e156

Please cite this article in press as: Santhosh A, et al., The impact of storage facility capacity and ramping capabilities on the supply side economic
dispatch of the energyewater nexus, Energy (2014), http://dx.doi.org/10.1016/j.energy.2014.01.031

Fig. 3. Case 1: water production and demand profile over 24 h period.

Fig. 5. Case 1: coproduction power to water ratio over 24 h period.

Fig. 4. Case 1: total production cost over 24 h period.

A. Santhosh et al. / Energy xxx (2014) 1e15 7

Please cite this article in press as: Santhosh A, et al., The impact of storage facility capacity and ramping capabilities on the supply side economic
dispatch of the energyewater nexus, Energy (2014), http://dx.doi.org/10.1016/j.energy.2014.01.031

Dispatch of Energy Water Nexus (DEWN)
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Opportunities
§ Water can play a role as operating 

reserves for the power grid: water 
distribution accounts for 3%-5% of 
all power consumption

§ Direct load control: thermal 
capacitance as electrical load 
displacement

§ Wastewater treatment may 
generate methane, which can be 
used for peak generation 

Integrated Demand Side Management

Challenges
§ Increased operational complexity
§ Lack of appropriate market 

structures
§ Difficulty in fairly apportioning the 

costs and benefits of demand side 
management programs

§ Municipal and wastewater systems 
are owned and operated at a 
municipal level
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∴Integrated Energy-Water Dispatch would solve many existing problems!

§ Give incentives to continuously improve cost efficiency of power and water
§ Incentivize Integrated Water & Power Producers (e.g. in the GCC)
§ More responsive to fluctuating daily and seasonable demand. 
§ Assessing technical and economic tradeoffs in power and water
§ Allow for power demand side management of water infrastructure

Integrated Energy Water Nexus Operation
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∴Many opportunities to leverage water to alleviate electric power system
reliability challenges!

§ Hydro-electric facilities support renewable energy integration (e.g. Norway & 
Denmark)

§ Water storage in integrated energy-water utilities alleviate ramping on co-
production facilities (e.g. in GCC)

§ Water storage in integrated energy-water utilities alleviate peak load growth.  
§ Water heater pilot (e.g. in PJM) & swimming pools (e.g. Florida utility) for 

regulation services.  
§ Pumping energy typically accounts for 5% of load ≈ % of operating reserves
§ 32 billion m3 of treated water per year globally.   20-40% typical water losses.     
§ District cooling can curb peak load growth.  35-65% reduction in electric power.  

(e.g. Palm Jumeira in Dubai provides 921MW of district cooling)
§ Wastewater treatment can provide biogas electric power generation

Stabilizing Role of the Energy-Water Nexus in Electricity
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∴Holistic Thinking Enables Sustainable Development

§ Shfits towards renewable energy
§ Shifts in desalination technology
§ Optimization of water distribution networks and leaks
§ Usage of alternative forms of water
§ Integrated environmental Management & sustainable development

performance with respect to CO2 and water withdrawal remains
approximately the same. This shows that storage actions taken in
the water infrastructure can serve to improve the electric power
infrastructure when the two are coupled together in an energy-
water nexus.

These results suggest an interplay between the two in-
frastructures which obeys the following pattern: cogeneration
plants couple energy and water production, causing production
constraints due to limited generation ratios. Solar power reduces
CO2 emissions but exacerbates the evening ramp in power demand;
creating issues for power plants with limited ramping capabilities,
especially nuclear plants. Energy and water storage present a
promising solution to both of these problems, as they allow for
flattening of the demand curves and cogeneration ratios, reducing
costs significantly.

6. Conclusions and future work

Traditionally, electric power and water infrastructure have been
thought of as separate uncoupled systems. However, the presence
of cogeneration facilities couples their respective supply sides and
the presence of thermo-electric facilities intensifies their impacts
on the aqueous environment. There are two ways to handle this
situation. One possibility is to try to reduce the coupling between
the two products. Desalination plants based upon reverse osmosis
technology do require significant electrical input, but they avoid
coupling power generation with water production as in thermal
desalination plants. Renewable energy integration further reduces
the impact on the aqueous environment. However, this approach
generally is only applicable to new plant installations and not to
already well established infrastructure. Another option is to better
understand the coupling between these two resources and use well
established algorithms to optimize their production costs.

Consequently, this work has sought to highlight the synergistic
role of renewable energy integration in the unit commitment of the
energy-water nexus. The developed case studies showed that the
low operating cost of solar PV integration displaces thermo-electric
generation. This cost-optimal solution also serves to reduce CO2
emissions as well as water withdrawal. Meanwhile, the incorpo-
ration of storage into the energy-water nexus system helped alle-
viate binding constraints in both cases and therefore acts directly at
the margin for maximal cost-efficiency. Most notably, greater
storage capacity was seen to alleviate the power-to-water ratio
constraints of the cogeneration plants in the both cases.

While the formulated unit commitment problem can be
implemented in existing integrated electricity and water author-
ities, greatest economic benefit will be realized through the
development of integrated electricity and water markets. Such
markets would provide the incentive for independent water and
power producers to continuously innovate to provide lower costs to
the benefit of consumers. Future work will further explore these

incentives particularly as they relate to the energy-water nexus in
the Middle East.
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Case Cost
(M$)

CO2 (metric
tons)

Water Withdrawal
(m3)

Case 1.1: Singapore with
Solar PV

2.592 16,070 3,674,000

Case 1.2: Singapore without
Solar PV

2.702 18,020 3,873,000

Case 2.1: Middle East with
Solar PV

2.444 16,090 3,673,000

Case 2.2: Middle East
without Solar PV

2.608 18,030 3,872,000

W. Hickman et al. / Renewable Energy 108 (2017) 220e229228

Integrated Energy Water Nexus Planning
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§ Wind & Solar PV have negligible water footprint
§ CSP has more but Shams 1 uses air cooling at the expense of lower efficiency
§ Renewable Energy à Intermittency à Storage à Pumped Hydro à

Evaporation
§ If (wholesale) water were monetized, renewable energy would have an even 

stronger case

Shifts Towards Renewable Energy [13,14]

∴Renewable energy can be more easily justified with monetized water
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§ RO significantly less energy-intensive than MSF
§ But if you continuously need power than MSF co-production facilities remains a 

viable option.  Requires careful analysis.
§ Market drivers can bring incentives for new technology. 

Shifts in Desalination Technology [13,14]

∴Each desalination technology has its benefits. Long term planning required.
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§ How can the water distribution network be planned to improve energy intensity?
§ What are the ideal pressure setpoints?
§ What is the energy-intensity of water leaks?  How much does this costs the 

integrated power-water utility?  Who pays for this?  

Optimization of Water Distribution Networks & Leaks [13,14]

∴Energy intensity can benefit economic rationalization
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§ ASME workgroup is currently developing guidelines for the usage of alternative 
forms of water for multiple uses
- Brackish, grey, recycled, sea water
- Agricultural, industrial (many types), municipal, etc. 

§ What is the ideal network structure to support this?  How many different types 
of water qualities need to be distributed?  

§ How does this match aspiration for the development of economic sectors (water 
intense or energy-intense sectors)

Usage of Alternative Forms of Water [13,14]

∴Horses for Courses. One man’s waste is another man’s treasure.
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§ Planning decisions should demonstrate clear scenarios in CO2, water, and 
energy resource consumption

§ Planning decisions should highlight where actions should be taken to make the 
biggest improvements in environmental impact & cost

Integrated Env. Management & Sustainability [13,14]

∴Holistic Thinking enable Sustainable Development
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Challenges for Integrating Energy and Water Systems

∴This is a shout-out to everyone in the room: Let’s try to generalize our case
specific models, so that we can reapply and compare methods

Energy-Water Nexus corresponds with the definition of Engineering Systems:
“A class of systems characterized by a high degree of technical 

complexity, social intricacy, and elaborate processes aimed at fulfilling important 
functions in society” – De Weck et al.

§ Both technical and socio-economical 
§ Within technology: try to make disciplinary specialist speak to each other and 

reach a conclusion
§ Existing modeling methods are specialized at disciplinary systems as well
§ Location specific models: case study based research
§ After modeling and designing: implementation
§ Legacy infrastructure
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Opportunities for Integrated Energy-Water Systems

1. Shift towards renewable energy
- No water consumption in operation of Wind or Solar PV
- Concentrated Solar: Rankine cycle may require water cooling
- Pumped hydro storage: evaporative losses 

2. Shift in desalination technology
- Reverse Osmosis requires much less water than Multi-Stage Flash
- Similar planning diligence for water resources as for power resources. 

3. Optimization of water distribution networks and leaks
- Track water flows and their energy intensity
- Resolving leaks results in direct savings at the source

4. Usage of alternative forms of water
- Use of separate water qualities to reduce energy density of water
- New and advanced planning methods needed to plan and build such a system

5. Integrated Environmental Management and Sustainable Development
- Include a wide variety of Key Performance Indicators to do the diverse and complex 

problem justice.  
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Policy Implications for Integrated Energy-Water Nexus

Policy implication for operations:
“Shift towards integrated energy-water dispatch operation rather than 

addressing each product individually.”

In three steps:
1. Existing approaches of energy and water dispatch need to be replaced by 

integrated energy-water dispatch
2. The regional trend towards IPPs, IWPs, and IWPPs should be supported
3. Carefully designed demand-side management schemes could improve 

coordination of energy-water coupling points
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Policy Implications for Integrated Energy-Water Nexus

Policy implication for planning:
“An integrated approach to energy-water infrastructure modeling.”

In four concrete planning opportunities:
1. Rationalize benefits of renewable energy also on the basis of reduced water 

consumption.
2. Water production planning should be rationalized using the “external effects” of 

the water treatment plants.  RO is more efficient, but MSF can cogenerate 
3. Reduction of water leakages should receive even more attention as a result of 

including the energy intensity of the water flows
4. Increased water recycling can reduce the environmental footprint of water 

production and support the need for new water resources. 
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§ Some end-uses use potable water when they only require non-potable water
§ Some end-uses can choose between electricity & natural gas
§ End-uses should be investigated to alleviate infrastructure constraints

Important Concerns:
§ The degree to which the environment can sustain the associated resource 

consumption
§ The degree to which the infrastructure can provide the right balance of inputs 

for the end use activities
§ The degree to which end use processes and technologies efficiently produce 

these valuable products

Motivation for the End Use Architecture Extension [21]

∴Relate the economic value of electricity, fuel, and agriculture, manufactured,
and commercial productsà input and waste streams of energy & water
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EWN Reference Architecture End Use Extension [21]
Stationary Facilities in the Built Environment of the Region

Electricity 
Supply SystemNatural

Surface
Environment

Energy-Water Nexus Infrastructure End Uses

Fuel Mining & Production System

Legend:   

   
 
A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for Electricity Supply System, C -- Processed Fuel, 
D -- Renewable Energy & Electricity Import/Export, E -- Electrical energy for Engineered Water Supply System, F -- Heat for Cogeneration,            
G -- Electrical Energy for Wastewater Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,             
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered Water Supply System, N -- Non-Potable Water 
Withdrawal for Engineered Water Supply System, P -- Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste 
Water for End Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- Recycled Potable Water,          
W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced Water, Φ -- Electrical import/export, Γ  -- Recycle Produced Water, Δ  -- 
Fuel for End Use, Θ  -- Fuel for Trade, Λ  -- Agricultural Products,   Ξ -- Manufactured Products, Π -- Value of Commercial Products.
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Stationary Facilities in the Built Environment of the Region

Electricity 
Supply SystemNatural

Surface
Environment

Energy-Water Nexus Infrastructure End Uses

Fuel Mining & Production System

Legend:   

   
 
A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for Electricity Supply System, C -- Processed Fuel, 
D -- Renewable Energy & Electricity Import/Export, E -- Electrical energy for Engineered Water Supply System, F -- Heat for Cogeneration,            
G -- Electrical Energy for Wastewater Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,             
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered Water Supply System, N -- Non-Potable Water 
Withdrawal for Engineered Water Supply System, P -- Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste 
Water for End Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- Recycled Potable Water,          
W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced Water, Φ -- Electrical import/export, Γ  -- Recycle Produced Water, Δ  -- 
Fuel for End Use, Θ  -- Fuel for Trade, Λ  -- Agricultural Products,   Ξ -- Manufactured Products, Π -- Value of Commercial Products.
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∴Long Term Infrastructure Design fit for Purpose:
∴Agriculture, Industrial, Commercial, & Residential Activities serve economics

An Extension to Multiple End Use Sectors
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EWN Ref. Arch:  Fuel Mining & Production Systems [21]

§ Review of inputs/outputs
§ Trade-Off Θ vs C vs Δ – Export vs Domestic Consumption
§ Trade-Off Γ vs Z – Reuse of Produced Water

Stationary Facilities in the Built Environment of the Region

Electricity 
Supply SystemNatural

Surface
Environment

Energy-Water Nexus Infrastructure End Uses

Fuel Mining & Production System

Legend:   

   
 
A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for Electricity Supply System, C -- Processed Fuel, 
D -- Renewable Energy & Electricity Import/Export, E -- Electrical energy for Engineered Water Supply System, F -- Heat for Cogeneration,            
G -- Electrical Energy for Wastewater Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,             
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered Water Supply System, N -- Non-Potable Water 
Withdrawal for Engineered Water Supply System, P -- Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste 
Water for End Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- Recycled Potable Water,          
W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced Water, Φ -- Electrical import/export, Γ  -- Recycle Produced Water, Δ  -- 
Fuel for End Use, Θ  -- Fuel for Trade, Λ  -- Agricultural Products,   Ξ -- Manufactured Products, Π -- Value of Commercial Products.

Engineered 
Water Supply

System

Electricity
Supply System

Wastewater
Management

System

Agriculture
Facilities

Manufacturing
Facilities

Commercial
Facilities

Residential
Facilities

H

G

P

S
T

U

V

WE FN

C

Z

I
J1
K1

Δ

Θ

D

Γ

A

B

L

M

K2
Q
R

X

Y

J2
J3

J5

J4K4

Λ2

Ξ

Π

K3

Electric
Energy

Thermal
Energy

Potable
Water

Usable Non-
Potable Water

Waste
Water

Monetized
Product

Λ1

Φ



LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

LABORATORY FOR INTELLIGENT
INTEGRATED NETWORKS
OF ENGINEERING SYSTEMS
EMPOWERING YOUR NETWORK

43

EWN Ref. Arch:  Agriculture [21]

§ Agricultural products have embedded water & energy
§ Food energy intensity rationalizes supply chains
§ Food water intensity rationalizes evaporative losses in farming
§ Biofuel debate is well situated within energy-water food nexus

Stationary Facilities in the Built Environment of the Region

Electricity 
Supply SystemNatural

Surface
Environment

Energy-Water Nexus Infrastructure End Uses

Fuel Mining & Production System

Legend:   

   
 
A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for Electricity Supply System, C -- Processed Fuel, 
D -- Renewable Energy & Electricity Import/Export, E -- Electrical energy for Engineered Water Supply System, F -- Heat for Cogeneration,            
G -- Electrical Energy for Wastewater Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,             
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered Water Supply System, N -- Non-Potable Water 
Withdrawal for Engineered Water Supply System, P -- Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste 
Water for End Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- Recycled Potable Water,          
W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced Water, Φ -- Electrical import/export, Γ  -- Recycle Produced Water, Δ  -- 
Fuel for End Use, Θ  -- Fuel for Trade, Λ  -- Agricultural Products,   Ξ -- Manufactured Products, Π -- Value of Commercial Products.
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EWN Ref. Arch:  Manufacturing [21]

§ Tremendous diversity in water & energy intensity of products
§ Chemical & Metal products most energy intense
§ Use of non-potable water a major opportunity
§ Industrial energy management has tremendous potential

Stationary Facilities in the Built Environment of the Region
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Legend:   

   
 
A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for Electricity Supply System, C -- Processed Fuel, 
D -- Renewable Energy & Electricity Import/Export, E -- Electrical energy for Engineered Water Supply System, F -- Heat for Cogeneration,            
G -- Electrical Energy for Wastewater Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,             
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered Water Supply System, N -- Non-Potable Water 
Withdrawal for Engineered Water Supply System, P -- Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste 
Water for End Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- Recycled Potable Water,          
W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced Water, Φ -- Electrical import/export, Γ  -- Recycle Produced Water, Δ  -- 
Fuel for End Use, Θ  -- Fuel for Trade, Λ  -- Agricultural Products,   Ξ -- Manufactured Products, Π -- Value of Commercial Products.
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EWN Ref. Arch:  Commercial & Residential Activities [21]

§ Produced “monetized products”
§ Energy – HVAC, lighting, water pumping, electronic products
§ Can choose between NG and electricity
§ Can choose between potable water vs grey water

Stationary Facilities in the Built Environment of the Region
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Legend:   

   
 
A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for Electricity Supply System, C -- Processed Fuel, 
D -- Renewable Energy & Electricity Import/Export, E -- Electrical energy for Engineered Water Supply System, F -- Heat for Cogeneration,            
G -- Electrical Energy for Wastewater Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,             
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered Water Supply System, N -- Non-Potable Water 
Withdrawal for Engineered Water Supply System, P -- Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste 
Water for End Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- Recycled Potable Water,          
W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced Water, Φ -- Electrical import/export, Γ  -- Recycle Produced Water, Δ  -- 
Fuel for End Use, Θ  -- Fuel for Trade, Λ  -- Agricultural Products,   Ξ -- Manufactured Products, Π -- Value of Commercial Products.
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EWN Ref. Arch:  Role of Trade [21]

§ Architecture is fundamentally an “open-system”
§ Monetized products:  electricity import/export Φ , fuel import/export Θ, 

agricultural products Λ, manufactured products Ξ, commercial products π

Stationary Facilities in the Built Environment of the Region
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Legend:   

   
 
A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for Electricity Supply System, C -- Processed Fuel, 
D -- Renewable Energy & Electricity Import/Export, E -- Electrical energy for Engineered Water Supply System, F -- Heat for Cogeneration,            
G -- Electrical Energy for Wastewater Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,             
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered Water Supply System, N -- Non-Potable Water 
Withdrawal for Engineered Water Supply System, P -- Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste 
Water for End Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- Recycled Potable Water,          
W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced Water, Φ -- Electrical import/export, Γ  -- Recycle Produced Water, Δ  -- 
Fuel for End Use, Θ  -- Fuel for Trade, Λ  -- Agricultural Products,   Ξ -- Manufactured Products, Π -- Value of Commercial Products.
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Conclusion [21]

§ Energy-Water Nexus Reference Architecture useful for infrastructure Operators
§ Now Seek to high level policy decision making -- Includes agricultural, 

industrial, commercial & residential activities

Stationary Facilities in the Built Environment of the Region
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A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for Electricity Supply System, C -- Processed Fuel, 
D -- Renewable Energy & Electricity Import/Export, E -- Electrical energy for Engineered Water Supply System, F -- Heat for Cogeneration,            
G -- Electrical Energy for Wastewater Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,             
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered Water Supply System, N -- Non-Potable Water 
Withdrawal for Engineered Water Supply System, P -- Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste 
Water for End Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- Recycled Potable Water,          
W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced Water, Φ -- Electrical import/export, Γ  -- Recycle Produced Water, Δ  -- 
Fuel for End Use, Θ  -- Fuel for Trade, Λ  -- Agricultural Products,   Ξ -- Manufactured Products, Π -- Value of Commercial Products.
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Conclusion [21]

§ Relates economically valuable products (e.g. fossil fuels & agriculture) to 
energy & water streams

§ Commitment to physical modeling supports infrastructure design

Stationary Facilities in the Built Environment of the Region

Electricity 
Supply SystemNatural

Surface
Environment

Energy-Water Nexus Infrastructure End Uses

Fuel Mining & Production System

Legend:   

   
 
A -- Potable Water Withdrawal for Electricity Supply System, B -- Non-potable Water Withdrawal for Electricity Supply System, C -- Processed Fuel, 
D -- Renewable Energy & Electricity Import/Export, E -- Electrical energy for Engineered Water Supply System, F -- Heat for Cogeneration,            
G -- Electrical Energy for Wastewater Management System, H -- Electrical Energy for End Use, I -- Electrical Losses, J -- Thermal Losses,             
K -- Evaporative Losses, L -- Power Plant Effluent, M -- Potable Water Withdrawal for Engineered Water Supply System, N -- Non-Potable Water 
Withdrawal for Engineered Water Supply System, P -- Potable Water for End Use, Q -- Leaked Potable Water, R -- Brine, S -- Recycled Waste 
Water for End Use, T -- Collectable Wastewater, U -- Effluent, Leaked Wastewater & Leaked, Recycled Water, V -- Recycled Potable Water,          
W -- Biogas, X -- Produced Water, Y -- Raw Fuel, Z -- Wasted Produced Water, Φ -- Electrical import/export, Γ  -- Recycle Produced Water, Δ  -- 
Fuel for End Use, Θ  -- Fuel for Trade, Λ  -- Agricultural Products,   Ξ -- Manufactured Products, Π -- Value of Commercial Products.
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∴Holistic Thinking Enables Sustainable Development

§ Where do you see as the single greatest opportunity for making the energy-
water nexus infrastructure more sustainable? (answer:  resource recovery of 
wastewater utilities)

§ Many regions are experiencing its greatest drought in decades, what lessons 
can be learned from energy-water nexus infrastructure in the GCC? (answer:  
greater use & reuse of non-potable water for non-residential end-use)

§ What do you see as the role of information technology in making the energy-
water nexus more sustainable (answer:  need for greater IT integration to drive 
value in water & power)

§ There is a worldwide shift towards reverse osmosis technology, does integrated 
energy-water planning suggest the same?  (answer:  depends)

§ Can you elaborate on the potential for water utilities to participate in the demand 
side management of the future smart grid?  (answer:  water storage ~ energy 
storage)

§ What role do you see for renewable energy in the energy-water nexus?  
(answer: renewable energy uses little water)

Discussion Topics


