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Abstract—Clean energy and water are two essential resources
that any society must securely deliver in order to develop
sustainably. Traditionally, these two precious commodities are
often treated as separate uncoupled systems. However, in reality,
they are very much coupled in what is commonly known
as the energy-water nexus. Recently, an infrastructure-centric
reference architecture of the energy-water nexus in the electricity
supply, engineered water supply and wastewater management
systems has been developed; first graphically in SysML and
later quantitatively using bond graphs. This made it possible to
relate a region’s energy and municipal water consumption to the
required energy and water withdrawals in an input-output model
so as to directly inform the planning & operations of energy-
water infrastructure operators. In order to expand the utility
of the model to high level policy decision-making, this paper
now extends that work to address the sustainable development
of agricultural, industrial, commercial and residential activities.
In such a way, it relates the economic value of fossil fuels, food,
products and commerce to input and waste streams of energy and
water. Such a model provides high-level guidance to the design of
sustainable development policies. Furthermore, the commitment
to a physical modeling approach – unlike purely economic
models – also directly informs the design of energy-water nexus
infrastructure to achieve these sustainable development policy
goals.

I. INTRODUCTION

Clean energy and water are two essential resources that any
society must securely deliver in order to develop sustainably
[1], [2]. Traditionally, these two precious commodities are
often treated as separate uncoupled systems. However, in
reality, they are very much coupled [3]. This interlinked meta-
system is often called the energy-water nexus and is defined
here as:

Definition 1. Energy Water Nexus [4]–[7]: A system-of-
systems composed of one infrastructure system with the ar-
tifacts necessary to describe a full energy value chain and
another infrastructure system with the artifacts necessary to
describe a full water value chain.

Recently, an infrastructure-centric reference architecture of
the energy-water nexus in the electricity supply, engineered
water supply and wastewater management systems has been

developed; first graphically in SysML [4] and later quantita-
tively using bond graphs [5], [8]. This made it possible to
relate a region’s energy and municipal water consumption to
the required energy and water withdrawals in an input-output
model so as to directly inform the planning & operations
of energy-water infrastructure operators. Thus, it added an
integrated perspective to prior works with an engineering
systems perspective [9]–[11].

A. Paper Contribution

While the energy-water nexus reference architecture is of
great value to energy-water infrastructure operators, it has
also caught the attention of numerous policy and regulatory
agencies [12]–[17]. Therefore, in order to expand the utility
of the reference architecture to high level policy decision-
making, this paper now extends the architecture’s scope to
the sustainable development of agricultural, industrial, com-
mercial and residential activities. In such a way, it relates the
economic value of fossil fuels, and agricultural, manufactured
and commercial products to input and waste streams of energy
and water. Such a model provides high-level guidance to
the design of sustainable development policies. Furthermore,
the commitment to a physical modeling approach – unlike
purely economic models – also directly informs the design of
energy-water nexus infrastructure to achieve these sustainable
development policy goals.

B. Paper Outline

The remainder of the paper proceeds as follows. Section
II reviews the recently developed energy-water nexus refer-
ence architecture and its potential applications. Section III
then extends the architecture’s system boundary to include
agricultural, industrial, commercial, and residential activities.
The paper is brought to a conclusion in Section IV.

II. BACKGROUND – THE ENERGY-WATER NEXUS
REFERENCE ARCHITECTURE

This section reviews the recently developed energy-water
nexus reference architecture at its highest level [4], [5], [8].



Figure 1 shows the architecture’s internal block diagram. It
consists of three engineering systems: the electricity, water,
and wastewater systems as it draws and returns water and
energy flows from both the natural surface environment and
the fuel mining and production system.
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Fig. 1: Energy Water Nexus Reference Architecture Internal
Block Diagram [4], [5], [8]

This system boundary was chosen so that the valued prod-
ucts of electricity (H), potable water (P), and wastewater (S)
are all stationary within the region’s infrastructure. In contrast,
the fuel mining and production system for natural gas, oil and
coal are open to trade or local consumption. Consequently, it
was left out of the system boundary. As a result, the energy-
water nexus reference architecture coincides with the scope of
grid operators. The interested reader is referred to the under-
lying references for a full description of the architecture form,
function and concept through multiple layers of graphical and
physical modeling [4], [5], [8]. The reference architecture’s
choice of system boundary thus lends itself to integrated
energy-water planning and operations methods. Furthermore,
in some nations, such as the UAE, these three engineering
systems fall under the purview of a single integrated energy
and water utility. Therefore, such methods can be implemented
centrallly.

The SysML model can be extended to conduct two types
of studies. The first type of study mimics those found in
economic models. The reference architecture allows each
subsystem to be treated empirically as a black-box with its
respective balance of energy and water. In such a case, the
associated energy and water intensities of the various system
outputs are treated as given fixed constants. Such an approach
can be used to conduct scenario analyses as demand for water

and energy change in the future. In the second type of study,
physical models are applied analytically to each subsystem [].
Consequently, energy and water balance are derived from the
laws of physics. Furthermore, the energy and water intensities
of the system outputs are no longer given constants but
instead are also analytically derived. As recent work has shown
[5], [8], these values depend not just on each subsystem’s
physical parameters but also the operating point of the energy-
water nexus infrastructure as a whole. Therefore, the physical
modeling approach can provide additional advisory capacity
[18]. In planning, this includes the choice of the type and
typology of the plant and its associated technology [18], [19].
In operations, the energy-water nexus can be dispatched so as
to make favorable trade-offs of water and energy depending on
their relative importance as decision-making criteria [6], [7],
[18], [20], [21]. These potential applications are highlighted
for each of the nexus’ constituent engineering systems.

A. Electricity supply system

Figure 1 depicts the electricity supply system in red. It’s
primary function is to convert and relay processed fuel (C),
renewable energy (D) and waste biogas (W) as electrical
energy for end use (E,F G & H). Naturally, this process
produces both electrical and thermal losses (I & J1). From
an energy-water nexus perspective, this primary function also
requires the withdrawal of potable and non-potable water (A
& B) which may be returned to its original source as effluent
(L) or lost to evaporation (K1).

The benefits of physical modeling to integrated energy-
water planning and operations methods can now be highlighted
(over black box modeling approaches). A black box approach
takes the ratio of input and output quantities as fixed. In
contrast, a physical modeling approach allows a sensitivity
analysis [19] which allows the identification of several trade-
off decisions in planning and operations.

• Trade-off H vs (I & J1): Power generation, transmission
& distribution losses not only degrade the delivered power
but they also increase all water quantities. Many energy
efficiency technologies exist including combined cycle
power plants, and flexible AC transmission systems. Fur-
thermore, the trend towards distributed generation closer
to its point of use systematically reduces line losses.

• Trade-off H vs (E, F & G): The electric and ther-
mal energy exported to support the engineered water
supply system and wastewater management system may
be viewed as a “public infrastructure cost” which may
otherwise be used to support electrical energy for end
use.

• Trade-off (K1 vs L): Some power generation facilities
have semi-open cooling systems that incur evaporative
losses. In contrast once-through and fully closed cooling
systems have comparatively lower withdrawals or return
their withdrawals to the original source as effluent. Air
cooling systems are ideal when physically feasible.

• Trade-off (C vs D vs W): The energy source itself has
upstream impacts on the surrounding systems. Renewable



energy can be taken exogeneously as is. Failure to use
waste biogas from the wastewater management system
implies increased emissions & energy loss. The usage of
processed fuel implies an energy and water intensity in
its mining and production.

• Trade-off (A vs B): The water source is also of impor-
tance. The usage of non-potable water for the electricity
supply system (e.g. brackish groundwater or seawater)
should be systematically preferred over potable water
sources.

• Global Trade-Off: Finally, energy storage has the poten-
tial to shift all the ratios of input and output quantities;
particularly in an operations time scale.

B. Water supply system

Figure 1 depicts the engineered water supply system in blue.
It’s primary function is to withdraw potable water (M) and
non-potable water (N) and relay it as potable water (P). In the
case that the non-potable water is seawater then brine (R) may
also be produced. Additionally, there is the potential to recycle
water from the wastewater management system to potable
quality (V). Naturally, these processes produce evaporative
losses (K2) and water leakages (Q). From an energy-water
nexus perspective, this primary function also requires the
withdrawal of electrical energy for pumps & fans (E) and
thermal energy (F) for multi-stage flash desalination. Both of
these have their associated energy losses (J2).

The benefits of a physical modeling approach also appear
as trade-offs in the engineered water supply system [19].

• Trade Off P vs (K2 & Q): Water treatment & distri-
butions losses not only increase the required water with-
drawals but they also increase all the energy quantities.

• Trade Off K2 vs Q: While evaporative losses and
leakages represent process inefficiencies, the latter returns
water to the ground (in the same geography) while the
latter does not. Therefore, the construction of artificial
acquifers is generally preferred over man-made lakes &
reservoirs from an energy-water nexus perspective.

• Trade Off J2 vs (E & F): The water system’s energy
losses be they from treatment plants or water pipes di-
rectly increase the required energy input. Energy efficient
pumps, fans, heat exchangers, and pipes directly serve to
reduce these quantities.

• Trade Off M vs N: The environment imposes funda-
mental limits on the choice of water source. If potable
water sources are particularly scarce (e.g. the UAE), then
non-potable seawater or brackish ground water may be
withdrawn at an additional energetic cost.

• Trade Off E vs F: Consequently, the choice of treat-
ment technology creates a tradeoff between electrical
and thermal energy input. This is most clearly seen in
the choice between reverse osmosis and multi-stage flash
desalination.

• Global Trade-Off: Finally, water storage has the poten-
tial to shift all the ratios of input and output quantities;
particularly in an operations time scale.

C. Waste water system

Figure 1 depicts the wastewater management system in
green. It’s primary function is to collect and treat effluent (T
& Γ) and return it to the environment in an improved but
non-potable condition (U). Increasingly, the wastewater man-
agement systems are designed to provide recycled non-potable
water (S) and a lesser extent potable water (V). Naturally, these
processes produce evaporative losses (K3). From an energy-
water nexus perspective, the wastewater management system
requires the withdrawal of electrical energy for pumps & fans
(G) but also has the potential to capture and reuse biogas for
power generation (W). In both cases, these processes have
their associated energy losses (J3).

Finally, the benefits of a physical modeling approach also
appear as tradeoffs in the wastewater management system [19].

• Trade Off U vs K3: Wastewater treatment and distri-
bution evaporative losses diminish how much water is
ultimately returned to the natural environment as effluent.

• Trade Off U vs S vs V: The wastewater infrastructure
produces up to three valuable water streams. Partially
treated water is returned to the environment as effluent.
Alternatively, it may be recycled to either a non-potable
quality for end use or or a potable quality in the engi-
neered water supply system.

• Trade Off W vs J3: The wastewater system’s energy
losses be they from treatment plants or water pipes
directly diminish the potential for energy export in the
form of biogas.

• Trade Off W vs U: Wastewater effluent has both fluidic
as well as energetic characteristics. Its return to the
environment diminishes the potential for energy export
in the form of biogas.

• Trade Off G vs (K3, S, U and W): The wastewater
infrastructure’s balance of products in combination with
its biogas export determine how much electrical energy
is drawn from the electric power grid.

• Global Trade-Off: Finally, water storage has the poten-
tial to shift all the ratios of input and output quantities;
particularly in an operations time scale.

D. Summary: Application to Integrated Energy-Water Infras-
tructure Planning & Operation

In summary, the physical modeling approach underlying the
energy-water nexus reference architecture supports integrated
energy-water infrastructure planning. Ultimately, the infras-
tructure delivers electricity (H), potable water (P), and non-
potable water (S) as valuable products. These three objectives
must be made at a minimum of both resource consumption
and waste streams returned the environment. Achieving this
balance of competing objectives requires a careful inspection
of the trade-off decisions highlighted above as part of the
infrastructure planning and operation. In planning decisions,
the slopes of these trade-offs can be intentionally changed
to support the expected requirements of electricity, potable
water, and non-potable water. In operations, these slopes may



be changed, albeit to a much lesser degree, because they
are nonlinear functions of the required outputs. Instead, and
generally speaking, decisions in the operations time scale seek
to leverage the existing trade-offs to support the combined
objectives of sufficient supply, resource minimization, and
waste minimization.

III. ENERGY-WATER NEXUS REFERENCE ARCHITECTURE
END USE EXTENSION

With this background discussion in place, this paper now ex-
tends the energy-water nexus reference architecture to address
the sustainable development of agricultural, industrial, com-
mercial, and residential activities. This section first motivates
the end use model extension and then discusses its constituent
components.

A. Motivation for the End Use Architecture Extension

One motivation for the architecture extension comes from
carefully inspecting the values of the infrastructure’s valuable
products (H, P & S). Several reports recognize that many
end uses such as agriculture and manufacturing continue to
use potable water despite only requiring non-potable water in
their activities. Furthermore, electricity demand can often be
replaced by refined fuels (∆) such as natural gas. Therefore,
these end use decisions should be investigated to avoid the im-
position of unnecessary constraints on infrastructure planning.

More fundamentally, the emerging concern towards the
energy-water nexus is largely driven by doubts as to whether
economic objectives can be achieved sustainably. In other
words, given a set of valuable products, one may question 1.)
the degree to which the environment can sustain the associated
resource consumption 2.) the degree to which the infrastructure
can provide the right balance of inputs for the end use activities
and 3.) the degree to which end use processes and technologies
efficiently produce these valuable products. Therefore, the goal
of an end use architecture extension becomes to relate eco-
nomic value of electricity, fuel, and agriculture, manufactured,
and commercial products to input and waste streams of energy
and water. Such a model would provide high-level guidance
to the design of sustainable development policies. Again, the
commitment to a physical modeling approach – unlike purely
economic models – contextualizes and informs the energy-
water nexus infrastructure design to achieve these sustainable
development policy goals.

B. Overview of the End Use Architecture Extension

Figure 2 shows the end use architecture extension. The
system boundary has now been extended to include stationary
facilities in the built environment of the region. These are
delineated from the natural surface environment. The fuel
mining & production system is now included as an integral
part of the architecture. The end uses are also included and are
further classified as agricultural, manufacturing, commercial
and residential activities. Together, these new activities serve to
identify five commercially valuable and potentially exportable
products: electricity, fuel, and agricultural, manufactured, and

commercial products. Note that while the original energy-
water nexus reference architecture was essentially closed to
flows of energy and water within a given region, the extension
is now very much open to flows of energy, water, and
products with neighboring regions. Each of the functions in
the architecture are now discussed in turn.

C. The Natural Surface Environment

The natural surface environment in this work is effectively
modeled as a source and sink of all quantities from and to the
“surface of the natural world” in a given region. In addition
to the quantities previously mentioned (A, B, L, M, N, Q &
R), the fuel mining and production system withdraws raw fuels
(e.g. coal, oil, & natural gas) (Y) in addition to produced water
(X); some of which is returned back as effluent (Z).

The modeling choice of sources and sinks has several im-
plications. First, it avoids having to the model the natural pro-
cesses which describe the behavior of the environment. This
greatly simplifies the architecture qualitatively and potentially
later in the associated quantitative model. Second, because the
environment acts as a source of energy and water, the model
implicitly assumes no capacity limit on the environment’s
ability to provide these quantities. While this may appear
unrealistic from a sustainability lens, it allows these source and
sink quantities to be back calculated as has been previously
demonstrated. At that point, the associated values can be
interpreted in terms of the environment’s capacity to provide
and receive them.

D. Fuel Mining & Production System

Figure 2 shows the fuel mining & production system as
an integral part of the end use architecture extension. It’s
primary function is to withdraw raw fuels (Y) and deliver
them as processed fuel for power generation (C), end use
(∆), and trade (Θ). A side of effect of raw fuel withdrawal is
the withdrawal of produced water. It may be returned to the
environment (Z) or alternatively recycled for further use (Γ).
Finally, the process also produces energy losses (J5).

Again, the benefits of physical modeling serve to identify
the trade-offs in the fuel mining and production system.

• Trade Off Θ vs C vs ∆: This trade-off arises due to the
value extracted from each fuel source. Exported fuel is
a major revenue source for many nations. Ultimately, its
quantity is diminished by domestic consumption be it for
power generation or directly in end use activities.

• Trade Off Γ vs Z: Produced water is a valuable by-
product which may be used to recharge wells or alterna-
tive to support non-potable water use.

E. End Uses

Figure 2 also shows four types of end uses: agricultural,
manufacturing, commercial, and residential activities. At first
glance, all of these transformational activities are treated
the same. Collectively, they consume thermal energy (∆),
electrical energy (H), potable water (P) and non-potable water
(S). They also produce energy and water losses (J & K) and
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Fig. 2: Extension of the Energy-Water Nexus Reference Architecture to End Use Activities

return effluent (T) back to the wastewater management system.
That said, the end uses are differentiated by their products:
fuel and agricultural, manufactured, and commercial products.
From an economic policy lens, each of these products provide
different value to a given region. And yet, from a sustainable
development perspective, each of their activities share con-
strained input quantities (∆, H, P & S) which must ultimately
be shared.

1) Agriculture Facilities: In recent years, policy discus-
sions on the energy-water nexus have expanded to include
agricultural activities in what is often called the food-energy-
water nexus. Agricultural products (Λ), most notably food,
have an embedded energy and water intensity. Therefore,
efforts to ensure domestic food security must be balanced by
the capacity of the environment and infrastructure to provide
these two quantities. Research on food-energy intensity has
caused some to encourage policies that support local farming
over long supply chains. Meanwhile, research on food-water
intensity has often focused on the water inefficiencies of
irrigation. Additionally, food-water quality discussions have
supported greater use of non-potable water. Finally, biofuels
are an important aspect of the food-energy-water nexus as
they can often displace conventional fossil fuels be they
domestically consumed or exported.

2) Manufacturing Facilities: Industrialization often fea-
tures prominently within policy discussions to support eco-
nomic development. The value associated with manufactured
products (Ξ) is often significantly greater than its input quan-
tities. That said, manufactured products vary tremendously in
their energy and water intensities. For example, the recent
trend towards gross domestic product diversification in the
UAE has lead to investment in metals production. While
steel and aluminum support the local construction industry
and expand an additional export revenue stream, they have
very high energy and water intensities. Complementary efforts
to support industrial energy efficiency and management can
help diminish these intensities. Furthermore, many industrial
production facilities can directly support the use of non-
potable water. Therefore, sustainable development policies
recognize that the energy and water intensity of manufacturing
must be balanced by the value of their products.

3) Commercial & Residential Facilities: The residential
and commercial sectors include buildings such as homes and
businesses and are differentiated by the the output of com-
mercial (monetized) products (Π). Their energy consumption
is dominated by heating, ventilation, and air conditioning
(HVAC), lighting, water pumping, and electronic products. The
first of these allows the choice of electrical or thermal energy



which also includes integrated solutions such district heating
and cooling. Water consumption is required for drinking,
bathing, flushing, laundry, & cooking. Of these, flushing can
use non-potable water streams. Additionally, “grey water”
from bathroom sinks, showers, tubs, and washing machines
can be reused in agricultural activities. Note that the col-
lectable wastewater (T) can therefore have multiple water
qualities and piping. Finally, efficiency and management tech-
niques have a high potential to reduce the overall consumption
of energy and water.

4) Role of Trade: As mentioned previously, one essential
aspect of the energy-water nexus reference architecture end
use extension is that it is open to flows of energy and
products with neighboring regions. Flows of water across
borders are modeled implicitly within the natural surface
environment. Moreover, these flows are assigned a monetary
value as a consequence of their trade. Five such flows are
identified: electricity import/export (Φ), fuel import/export
(Θ), agricultural products (Λ), manufactured products (Ξ),
and commercial products (Π). Together, they form income
streams when exported across the system boundary and cost
streams when imported. And because they have an embedded
energy and water intensity, their trade effectively serves to
offset energy and water demands placed on the infrastructure
and environment. Additionally, their domestic usage presents
an opportunity cost if not used as part of a downstream
economic activity. The most pertinent example of this is found
in food-energy-water nexus research where the domestic food
sufficiency policy objective is balanced against its associated
economic costs and environmental impacts.

IV. CONCLUSION AND FUTURE WORK

In conclusion, this paper has revisited the recently developed
energy-water nexus reference architecture in terms of physical
trade-offs which may be leveraged as part of integrated energy-
water planning and operations decisions. It then extended the
architecture to include the sustainable development of agricul-
tural, industrial, commercial and residential activities. The goal
of the extension was related the economic value of fossil fuels,
and agricultural, manufactured, and commercial products thus
contributing a model capable of providing high-level guidance
to the design of sustainable development policy. In such a way,
infrastructure design and policy design can be coordinated
and co-developed in parallel rather than sequentially. Future
work will draw upon the growing energy-water nexus literature
to further study each of the functions and interfaces in the
architecture. This will serve to demonstrate the importance
of a reference architecture and more generally of systems
engineering in the energy-water nexus literature. While most
studies either consider a small scope of interactions or are
region specific, a reference architecture has the potential to
provide a methodological foundation to this grand challenge.
Finally, the end use architecture extension will be quantified
just as the remainder of the architecture has in previous work
[5], [8].
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