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trade-offs between costs and GHG emissions.
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The increased release of greenhouse-gas (GHG) emissions associated with human activities causing climate change
is one of the most significant problems faced by human-kind. Water distribution systems (WDS), whilst providing an
essential service to society, are responsible for the generation of significant amounts of GHGs. In response, the
minimization of GHG emissions associated with WDSs has become a research focus. In this paper, a critical review
of previous research is provided, summarizing research progress and highlighting research needs in this emergent
and important area. This is done within the context of the water distribution system cost-emissions nexus

(WCEN) conceptual framework, which is a novel conceptual framework that considers the interaction between all
components required to accurately evaluate the costs and greenhouse gas (GHG) emissions associated with water
distribution systems (WDSs) in an integrated fashion. Key findings from this review indicate that future research
should (1) include the use of time-dependent emissions factors (EFs), which would allow the scheduling of pumps
at times of lower emissions intense energy to be considered; (2) include the modeling of seasonally variable water
demands; (3) include greater consideration of the hydraulic simulation process, such as using seasonal extended
period simulations; (4) include greater consideration of the management of pumping operations at the design
stage, instead of solely focusing on changes in infrastructure design to reduce costs and GHG emissions; (5) include
consideration of the effects that external policies, such as carbon taxes and present value discounting, have on the
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Introduction

The increased release of greenhouse-gas (GHG) emis-
sions associated with human activities causing climate
change is one of the most significant problems faced by
human-kind (Stokes et al. 2012). Greenhouse gas (GHG)
releases through human-related activities have been
identified as a major cause of human-induced climate
change. The importance of mitigating climate change by
reducing GHG emissions has been widely recognized by
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the scientific, commercial and political sectors. Water dis-
tribution systems (WDSs) provide an essential service to
modern cities. However, they also contribute significantly
to the release of GHG emissions through activities related
to their construction and operation, especially when
pumping operational energy is sourced from fossil fuel
electricity generation sources. WDSs are also complex sys-
tems, with many different design and operational options
being available to a decision maker. Thus, it is often
impractical or even impossible for a decision maker to
evaluate and consider the combination of all available
options. As such, optimizing the design and operation of
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WDSs via the use of optimization algorithms has become a
popular way of considering these many available options.
In order to evaluate the performance of the many potential
design and operation combinations during evolutionary
algorithm based optimization processes, WDSs must be
modeled (i.e. simulated). However, the modeling of WDSs
can be computationally expensive. As such, simplifications
are often made during the modeling process in order to re-
duce both the problem complexity and the computational
time required to evaluate each solution in the optimization
process (in the case where evolutionary algorithms or
similar metaheuristics are used). This can include simplifi-
cations to the decision variables, such as limiting the types
and number of options considered; simplifications to input
data, such as replacing actually time-dependent input
information with steady-state or approximate values; and
simplifications to the simulation process, such as hy-
draulically simulating a limited number of water demand
scenarios compared to what will be encountered during
real-life operations (Stokes et al. 2012). The optimization
of costs associated with water distribution systems has
been covered extensively in the past three decades (Wu
et al. 2010a). As such, simplifications made to the model-
ing of WDSs have been well established. Consideration of
optimizing WDSs for the minimization of GHG emissions
has only occurred more recently. Commonly, GHG
emissions (both capital emissions and operational emis-
sions from fossil fueled electricity sources) have been
optimized along with costs by using multi-objective (MO)
optimization algorithms. As such, modeling simplifica-
tions applied when evaluating costs are also applied when
evaluating GHG emissions. These simplifications have the
potential to affect the possible solutions and their corre-
sponding evaluations. In addition, the primary focus of
optimization has been on the selection of WDS infrastruc-
ture design options (e.g. pipe sizes and pump types). Only
limited consideration has been given to the impact of
pump operational management, interactions between
water supply infrastructure and energy generating infra-
structure and how policy drivers may affect the optimal
trade-offs between cost and GHG emissions. Therefore,
there remains a need to review the current literature con-
sidering the optimization of WDSs for the minimization
of GHG emissions in order to establish what modeling
simplifications have been made and to identify gaps in
current modeling and evaluation processes. In order to
achieve this, a conceptual framework is required to
identify and show the nexus of modeling elements
that can impact on the optimization of costs and
GHG emissions associated with WDSs. Additionally,
this conceptual framework should include consider-
ation of energy generating infrastructure that affects
pumping operational GHG emissions, as well as policy
drivers that can impact the trade-offs between costs and
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GHG emissions associated with WDSs. Such a framework
was first presented by Stokes et al. (2012). As such, the
objectives of this paper are as follows:

1. To develop a conceptual framework, based on the
framework presented by Stokes et al. (2012), that
identifies and shows the interactions between the
various modeling elements that have an impact on
WDS cost and GHG emissions optimization,
including those from energy generating
infrastructure, in an integrated fashion.

2. To review existing literature considering the
minimization of GHG emissions associated with
WDSs in the context of the proposed conceptual
framework in order to identify the research gaps
with respect to the simplification of the modeling
processes and future research required to address
these gaps.

The water distribution system cost-emissions nexus
(WCEN) conceptual framework (Objective 1), is presented
in Water distribution cost-emissions nexus (WCEN) con-
ceptual framework. The evaluation of existing literature in
the context of the WCEN conceptual framework (Object-
ive 2) is presented in Review of methods used for GHG
emissions reduction associated with water distribution
systems, leading to the identification of current research
gaps and future research directions required to progress
this field of research (Summary and conclusions and
Recommendations for future research).

Water distribution cost-emissions nexus (WCEN)
conceptual framework

The WCEN conceptual framework (Figures 1 and 2) is
based on the similarly named framework presented by
Stokes et al. (2012). While not an analytical tool itself,
the WCEN conceptual framework represents the nexus
of elements required to accurately model and evaluate
costs and GHG emissions when optimizing the design
and operation of a WDS. The conceptual framework is
separated into four distinct components (Figure 1).
These include an infrastructure component (WDS and
electricity generation infrastructure), options component
(design and operations of the WDS), analysis component
(simulation and evaluation), and government policy sub-
component, each of which consists of a number of
related elements. The components are linked to one
another to represent the flow of information through the
system. A list of components and sub-components of
the conceptual framework is given in Table 1. In
addition, the framework also consists of a simulation
dynamics component (Figure 2), as the most appropriate
simulation duration and number of simulations per-
formed can have a significant impact on accuracy and
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Figure 1 The water distribution system cost-emissions nexus framework (modified from Stokes et al. (2012)).

computational efficiency, and are likely to be different
for the evaluation of costs and GHG emissions. The
various sub-components of the WCEN conceptual
framework are described in detail in the subsequent
sections.

Infrastructure component
In order to obtain accurate estimations of the costs and
GHG emissions when optimizing the design and op-
eration of a WDS, it is important to consider the
real-world infrastructure that is being modelled.
The infrastructure component within the WCEN concep-
tual framework represents this real-world infrastructure.
Two critical infrastructure types are important to
consider. These include the WDS being modeled, as
represented by the WDS infrastructure sub-component,
and the sources of generation of electricity being used by
pumps during the operation of WDSs, as represented
by the electrical energy generating infrastructure sub-
component. While simplifications to both systems are
required, each system’s critical aspects, as related to the
conceptual framework’s purpose, should be retained.
Modeling of the WDS infrastructure is used to represent
the physical WDS elements that allow water to be supplied
from sources to consumers. An accurate representation of

the critical elements of the actual WDS is required if costs
and GHG emissions are to be estimated accurately. These
elements are represented within the WDS infrastructure
sub-component, and include the pumps that supply water
to the system [W1 — See Figure 1]; the pump rising mains
[W3] that connect the pumps to the distribution pipe net-
work; the water storage systems [W4], which can include
either reservoirs or tanks; the gravity mains that distribute
water from water storages to the demand nodes [W5];
and the demand nodes, which represent the consumer
demands placed on the WDS [W6]. Water demand
patterns [W9] of the WDS being modeled are used within
the hydraulic simulation process to consider the real-
world water demands. A water demand profile [S2] can
represent multiple water demand patterns for different
demand node requirements (e.g. residential, commercial
and industrial). A combination of multiple water demand
patterns can also be used to represent different water
demand scenarios, such as different seasons in a year.
While peak and average water demand flows are com-
monly used when simulating a WDS, it can be important
to consider a range of operational conditions in order to
obtain the most accurate estimate of operational costs and
GHG emissions. Additionally, it can also be important to
consider exceptional water demand circumstances, such
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Figure 2 The simulation dynamics component.

Table 1 Components and sub-components, water
distribution system cost-emissions nexus framework

Component

Sub-component (SC)

Options component

Infrastructure component

Operation options SC

WDS Design options SC

Government policy SC*

Electrical energy infrastructure SC

WDS infrastructure SC

Government policy SC*

WDS analysis component

Simulation SC

Evaluation SC

*While the Government Policy sub-component is associated with both the
Options and Infrastructure components, it is discussed separately from these
components in the text.

as fire loadings and pipe breakages. As water demands
drive the system hydraulics, an accurate representation of
both water demands and the physical infrastructure can
help to obtain an accurate estimation of the pumping
operational energy required to meet the demands.
Additionally, accurate representation of the physical
infrastructure is important if design related costs and
GHG emissions are to be accurately estimated. Other
aspects of a WDS, such as infrastructure maintenance and
replacement, miscellaneous running costs (e.g. electricity
for lighting at pump stations) and labor costs are not
usually able to be included as part of the hydraulic simula-
tion and are therefore not represented by the WDS infra-
structure sub-component of the conceptual framework
presented in this paper.

The electrical energy infrastructure sub-component rep-
resents the elements of electricity generation and supply
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infrastructure that are required to accurately evaluate
pumping operational costs and GHG emissions associated
with a WDS. The cost of electricity for pumping is
commonly calculated by using an electricity tariff, which
is represented by a tariff structure [P4]. The tariff struc-
ture dynamics [P7] represent the different possible tariff
structures, such as flat rate or peak/off-peak rates. In
order to accurately estimate the cost of pumping oper-
ational energy consumption, it is important to consider
the variability in electricity tariffs during each day and/or
week, as well as possible seasonal and annual variability.
Pumping operational GHG emissions can be calculated by
considering the generation rate and emissions factors of
individual generators feeding into the grid. As such, both
renewable [P1] and fossil fuel (non-renewable) [P2] gener-
ation types are represented in the conceptual framework.
In order to accurately estimate the overall emissions factor
[P5] of the electricity supplied to the WDS, the amalgam-
ation of all individual generators supplying into the grid,
represented as the electrical source [P3], should be consid-
ered. The use of emissions factors is represented by the
emissions factors dynamics [P8]. Emissions factors can
range from the use of a single, average value, to the use of
multiple emissions factors used to represent the change in
emission intensities over the period of a day, between each
month/season in a year, or between each year over the
operational life-span of the WDS. As a WDS is just one of
many users consuming electricity from a grid, careful
consideration should be given to how emissions factors
associated with the consumption of electricity by the
WDS [P5] are calculated (e.g. whether emissions factors
values consider all generated electricity, or only the gener-
ation of electricity used by the WDS). While the consider-
ation of how emissions factor values are calculated is
beyond the scope of this paper, the application of the
emissions factor values must also be carefully considered.
The way in which emissions factors are used can affect
the evaluation of emissions.

Options components
In order to find solutions of minimized costs and GHG
emissions when optimizing the design and operation of
a WDS, it is important to consider the options available
to decision makers. These options are represented within
the options component by two sub-components; the water
distribution system design options (WDS design options)
sub-component and the operation options sub-component.
The WDS design options sub-component is used to
represent the options related to the design of the hy-
draulic infrastructure. Design phase considerations com-
monly include the selection of sizes of pipes, storage
tanks/reservoirs and pumps, and are generally assumed
to be fixed after the construction (or redevelopment/re-
habilitation) of the system. Chosen pump types [D3],
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both variable-speed pumps (VSPs) [D2] and fixed-speed
pumps (ESPs) [D1], pipe sizes [D4, D7], material types
[D5, D8] and water storage sizes [D6] can significantly
affect design costs and GHG emissions associated with
the products themselves and operational costs and GHG
emissions, through their effect on system hydraulics.
While design costs may be evaluated from pricing infor-
mation gained from commercial sources, design GHG
emissions must be calculated directly from the materials
used. Embodied energy is commonly used to calculate
these GHG emissions. A widely used definition of em-
bodied energy has been given by Treloar (1994).

Options available for the operational management of
WDSs are represented by the operation options sub-
component. Pumping operations can be explicit (using
pump scheduling) and/or implicit (using storage trigger
levels). Pump scheduling [M1] can be used to control
the timed status and speed of pumps, while trigger levels
[M2] can be used to control storage levels. Chosen
control options are represented as pump operation
information [M3]. This information can be used to rep-
resent operational scenarios via the use of hydraulic
simulation [S3], allowing pumping operational energy
consumption to be calculated. While average conditions
can be used to estimate pumping operational energy con-
sumption, more accurate estimations can be achieved by
considering multiple operational scenarios.

Water distribution system analysis components
In order to obtain more accurate trade-offs between
costs and GHG emissions when optimizing the design
and operation of a WDS, it is important to consider both
the simulation and evaluation options available. To do
this, the water distribution system analysis component
of the conceptual framework uses two sub-components;
the simulation sub-component, which represents the
operational simulation of the WDS, and the evaluation
sub-component, which represents the evaluation of costs
and GHG emissions associated with the WDS. Evaluation
of costs and GHG emissions can be achieved both directly
from the design options, represented by the options com-
ponent, and indirectly through operational simulation,
represented by the simulation sub-component. The evalu-
ation of objective functions using infrastructure design
and hydraulic simulation information has been used
extensively within the field of WDS optimization.
Hydraulic simulation [S3] is used to evaluate both
design constraint satisfaction and objective function per-
formance of each developed solution. Project life simula-
tion [S5] represents the simulation of the WDS over the
life of the project, including consideration of both con-
struction and operation phases. Project life simulation
can incorporate both infrastructure design information
(from the options component) and information gained
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from the hydraulic simulation. Information outputted
from an extended period simulation (EPS) can include
the storage levels [S7], pipe flows and node pressure
information at each time-step, which can be used for
constraint evaluation [E7], and pump electrical energy
consumption [P6] used for operational evaluation pur-
poses. Hydraulic simulation requires water demand pro-
files [S2], pump characteristics (pump and efficiency
curves) [W2] and pump operation information [M3].
Constraint information [W7], such as water balance and
node pressure requirements, is used for the evaluation
of constraints. Demand profiles can be used to simulate
water demand changes over different seasons and years,
as represented by the demand pattern dynamics [S1], to
better represent the true nature of water demands. The
hydraulic simulator requires a representation of the
physical system; this information is commonly a simpli-
fied model of the real-life WDS, as represented by the
WDS infrastructure sub-component, and includes design
options information, as represented by the WDS design
options sub-component. The total hydraulic simulation
length can be controlled by modifying the EPS length
and the number of different EPSs used (e.g. used for
changes of input data values, such as emissions factors
and water demands, over different months/seasons or
years), which are represented by the hydraulic simulator
dynamics [S4].

Evaluation of each objective function, namely total life
cycle economic cost [E1l] and total life cycle GHG
emissions [E2], is represented by the evaluation sub-
component. This sub-component is also used to represent
constraint evaluation [E7], which is used to penalize
designs that violate user-defined design constraints (such
as node pressure and water balance violations). Design
and operational information represented by both the
water distribution system and electrical energy infrastruc-
ture sub-components is used to evaluate the fitness of
each solution. Infrastructure construction costs [E3] and
pumping electrical costs [E5] are used to evaluate total life
cycle economic costs. GHG emissions from electrical
energy consumption [E6] and from embodied energy
(Treloar 1994) associated with infrastructure construction
[E4] are used to evaluate total life cycle GHG emissions.

Simulation dynamics components

The simulation dynamics component (Figure 2) is used
to represent the temporal dynamics of the hydraulic
simulation. This includes representation of the number
of EPSs (e.g. for different seasons) and the length of each
EPS. The dynamics of the water demand model, the
emissions factor model and the electricity tariff model
are represented as variables used to adjust the level of
accuracy achieved by the simulation process. The EPS
dynamics are represented as a function of the other
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dynamic variables; the requirements for the number of
EPSs and length of each EPS are dependent on how the
water demands, emissions factors and tariffs are to be
modeled. The EPS dynamics represent the transition of
input data accuracy into hydraulic simulation and evalu-
ation accuracy. In order to accurately estimate costs and
GHG emissions, input data must be accurate, which in
turn requires appropriate hydraulic simulations in order
to account for this accuracy (e.g. using a 24 hour EPS to
account for the use of diurnal water demands). In this
way, each variable can be modeled to replicate the real-
life operational environment as accurately as possible.
However, this way of simulating the WDS requires a
single EPS running over the length of the project life,
which is computationally expensive and would usually
be time prohibitive for use with optimization. This
would also require future water demands, emissions
factors and electricity tariffs to be known for the entire
length of the project life, which would not be possible
when modeling such complex systems.

In order to achieve accurate evaluation, particularly
for electrical energy consumption, which is cumulative
over the lifespan of the WDS as discussed earlier, while
minimizing the time taken to perform the optimization,
a compromise must be made. The most common way of
increasing simulation accuracy whilst minimizing com-
putational expense is to use a single EPS, where short
term (daily) changes to the water demand and tariff are
modeled. However, this does not consider longer term
changes, such as seasonal and yearly variations. In order
to accurately estimate operational costs and GHG emis-
sions, it is important to consider both short and long
term variations by considering different EPS lengths and
numbers of EPSs used. While four different EPS lengths
and three different numbers of EPSs are shown, other
lengths and numbers of EPSs can also be used, depend-
ing on the requirements of the modeled demand, emis-
sions factor and tariff data used.

Government policy sub-components

Policies and governance external to the control of a
water utility can have a significant effect on both the
design and operation of a WDS and the evaluation of its
associated costs and GHG emissions. These policies are
represented by the government policy sub-component.
Three policy types are focused on, including climate
change policy [G1], economic discount rate policy [G2]
and emissions discount rate policy [G3]. These policies
can significantly affect the operational costs and GHG
emissions of a WDS when accumulated over longer
time-periods. Therefore, it is important to consider the
effects of policies over the entire life of a WDS, includ-
ing both design and operational phases. This component
has been included to highlight the importance of being
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able to consider the effects of policy on the optimal
design and operation of a WDS.

Review of methods used for GHG emissions
reduction associated with water distribution
systems

In this section, papers that have focused on the
minimization of GHG emissions associated with water
distribution systems using formal optimization approaches
are reviewed in the context of the WCEN conceptual
framework introduced in the previous section, discussing
the achievements that have been made within this field
and the aspects that require further research. Additional
papers that focus on the minimization of GHG emissions
associated with WDSs from an analysis or simulation per-
spective are also included in the review. In total, thirty one
journal papers, eighteen conference papers and one report
have been included in the review (see Additional file 1:
Table S1). While the WCEN conceptual framework
focuses on the minimization of GHG emissions, papers
considering energy reduction have also been included. It
should be noted that while many papers that focus on the
reduction of costs associated with WDSs exist, only
those explicitly considering the reduction of either en-
ergy (within the context of reducing environmental impact)
or GHG emissions are reviewed in this paper. The compo-
nents of the WCEN conceptual framework considered in
each paper are summarized in Additional file 1: Table S1
and discussed in detail in the subsequent sections.

Consideration of options
The papers that have considered aspects represented
within the options component of the WCEN framework
are presented in Additional file 1: Table S1. As can be
seen, the most widely used options associated with the
design of WDSs are pipe sizing [Additional file 1: Table S1,
Column C7] (Pr3, Pr4, Pr5, Pr10, Pr1l, Pr12, Prl5, Prl6,
Pr23, Pr24, Pr25, Pr26, Pr27, Pr31, Pr32, Pr33, Pr34, Pr35,
Pr36, Pr39, Pr40, Pr4l, Pr42, Pr43, Pr44, Pr45, Pr46, Prd7,
Pr48, Pr49—See Additional file 1: Table S1) and the selec-
tion of pipe material type [C6] (Pr3, Pr5, Pr10, Pr1l, Pr12,
Pr15, Pr16, Pr23, Pr24, Pr25, Pr26, Pr27, Pr31, Pr32, Pr33,
Pr34, Pr35, Pr36, Pr39, Pr40, Pr4dl, Pr42, Pr43, Pr44, Pr45,
Pr46, Prd7, Pr48, Pr49). Other options, such as storage
tank size and location [C5] (Pr4, Pr5, Pr19, Pr23, Pr24,
Pr26, Pr33, Pr40, Pr44) and pump type selection [C3] (Pr2,
Pr10, Pr27, Pr33, Pr39, Pr40, Pr4l, Pr42, Pr43, Prd4, Pr45,
Pr46, Prd7, Prd8, Pr49) were also used. Operational man-
agement options (pump scheduling [C1] and trigger levels
[C2]) were not used as frequently (Pr5, Pr9, Pr14, Pr31,
Pr33, Pr34, Pr36, Pr46).

Trade-offs can occur between the design and oper-
ational phases which can be affected by the options
chosen for each phase. For example, a major trade-off can
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occur between the minimization of pipe sizes to minimize
capital costs/GHG emissions and the minimization of
pump energy consumption to minimize operational costs/
GHG emissions. Similarly, trade-offs can occur between
the objectives of minimizing costs and GHG emissions.
For example, similar to electricity tariffs, the emissions
intensity of electricity is time-dependent. Therefore chan-
ging the time-of-use of pumps can alter both the GHG
emissions and costs associated with the electricity con-
sumed, even if the amount of electricity consumed does
not change. If the rise and fall of emissions factors and
electricity tariffs do not coincide, trade-offs will be seen
between operational costs and GHG emissions. While
these examples are easy to grasp, other trade-offs may be
more implicit, requiring more thorough analysis in order
to understand their causes and effects.

Pipe size selection

As can be seen in Additional file 1: Table S1, pipe size
selection [C7] is the most common option considered.
Twenty eight of the reviewed papers considered the pipe
sizes used in a WDS. Twenty five of these used the pipe
size option as a decision variable for optimization, with
twenty considering the reduction of GHG emissions.
The majority of these showed a trade-off between con-
struction and operational GHG emissions and while
reduced pipe sizes also reduced GHG emissions asso-
ciated with pipe construction, total GHG emissions
(construction and operation) increased due to an in-
crease in pumping energy required to overcome the
higher friction losses of the smaller pipe sizes. However,
some other interesting results were reported. Herstein
et al. (2009a) (Pr25) showed that an increase in pipe size
resulted in an increase in environmental impact (using
the environmental index (EI) measurement). The use of
larger pipes in this system allowed more water to be
pumped to the storage tank instead of directly to the
demand node. However, as the tank was located further
away from the pump location, this resulted in greater
energy losses, and thus an increase in energy usage,
resulting in the reported increase in EI value. Results
from Wu et al. (2010b) (Prd5) showed a trade-off
between construction and operational GHG emissions
that result in an optimal design that uses a relatively
small pipe size (compared to the choices available). This
is probably due to a low demand, with larger pipe sizes
resulting in a relatively low pump energy usage reduc-
tion compared to the increase in construction emissions
associated with the additional material required for larger
pipes. Dandy et al. (2008) (Pr1l) used multi-objective
optimization to reduce the pipe costs and energy of a
gravity fed system. As there was no operational energy
expenditure, the lowest energy solution corresponded to
the lowest pipe embodied energy solution.
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From the reviewed literature, it is clear that a trade-off
exists between construction and operational GHG emis-
sions due to the sizes of pipes used in WDSs. A general
trend of reducing pipe sizes (lower construction GHG
emissions) resulting in increased pump energy require-
ments (higher operational GHG emissions) has been
noted. However, other factors such as system layout,
system hydraulic capacity and consumer water demands
directly affect the point at which an optimal trade-off
is found. While the area of WDS GHG emissions opti-
mization is relatively new, the majority of research focused
on the option of pipe size selection, with results showing a
clear benefit of considering GHG emissions when sizing
pipes for both WDS design and upgrade scenarios.

Pipe material selection

Twenty eight of the reviewed papers considered the type
of material used for the construction of pipes. The
majority of these used the concept of embodied energy
to evaluate the environmental impact of pipe material
type selection [C6]. Ambrose et al. (2002) (Pr3) consid-
ered the specific values for pipe embodied energy for
different material types. While embodied energy values
vary between each material type, it was noted that the
quoted embodied energy value for a specific material
type is also dependent on the level of detail used during
the calculation of the embodied energy. While many
pipe material types are available, the option of material
type was commonly limited to either ductile iron cement
mortar lined (DICL), polyvinyl chloride (PVC) or poly-
ethylene (PE) pipes (Pr10, Pr11, Pr23, Pr32, Pr36), though
Du et al, (2013) (Pr12) also compared these along with
concrete, reinforced concrete and cast iron pipe materials.
However, many papers considered the selection of only
one material type (Pr4, Pr5, Pr24, Pr25, Pr26, Pr27, Pr31,
Pr32, Pr33, Pr39, Pr40, Pr41, Pr42, Pr43, Pr44, Pr45, Prd6,
Pr47, Prd8, Prd9). Wu et al. (2008a) (Pr40) noted that
while DICL has a relatively low embodied energy value
when compared to that of PVC and PE based pipes, it also
has a relatively high unit mass, which can also affect a
pipe’s associated GHG emissions and needs to be consid-
ered. Ambrose et al. (2002) (Pr3) showed that despite the
apparent benefit of DICL, it contained an embodied
energy up to five times that of PVC and PE based pipes
when the unit mass and hydraulic performance of each
pipe type was considered. Du et al. (2013) (Pr12) found
that ductile iron had the greatest (worst) global warming
potential (GWP, based on embodied energy analysis) for
smaller pipe diameters, while PVC had the greatest GWP
for larger pipe diameters due to the pipe wall thickness
used for these larger diameters. Despite high production
energy demands and carbon dioxide emissions, concrete
pipes were found to have the lowest (best) GWP between
pipe diameters of 102mm and 1219mm. Case study results
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by MacLeod et al. (2010) (Pr32) and Roshani et al. (2011)
(Pr36) both showed little difference in GHG emissions of
optimal designs using PVC or DICL pipes, although the
construction costs of PVC pipes were considerably lower
than those of DICL pipes. Dandy et al. (2006) (Pr10) con-
sidered both PVC and DICL pipe materials for the energy
reduction optimization of a WDS and found that the opti-
mal design used only PVC pipes. While Roshani et al.
(2011) (Pr36) and MacLeod et al. (2010) (Pr32) only evalu-
ated GHG emissions associated with operations, Dandy
et al. (2006) (Pr10) evaluated energy associated with both
capital (construction) and operations.

While only six of the reviewed papers focusing on
optimization considered multiple material type choices
for the construction of pipes, different studies showed
different pipe materials to be beneficial for the reduction
of GHG emissions. The work by Ambrose et al. (2002)
(Pr3) showed a large difference in the embodied energy
of DICL and PVC material types. PVC pipes have been
shown to have a lower embodied energy value per unit
length of pipe, which would suggest that they also have
a lower environmental impact with respectively lower
GHG emissions over DICL pipes. This finding was also
shown by Dandy et al. (2006) (Pr10). However, the
literature also suggested that pipe material type has little
effect on the hydraulics of a WDS, resulting in little
difference in operational GHG emissions. This suggests
that while the difference in hydraulic performance (i.e.
frictional losses) between material types may only be
small, the differences in embodied energy values of the
pipes can have a substantial effect on the overall GHG
emissions associated with a particular design.

Pump type selection

Of the reviewed papers, fourteen considered the option
of pump type selection during optimization. Pump type
selection [C3] has been used in conjunction with pipe
size selection by Wu et al. (2010a; 2010b; 2008a; 2008b;
2009; 2010¢; 2012a; 2008¢; 2010d; 2012b; 2013) (Pr39,
Pr40, Pr4l, Pr42, Pr43, Prd4, Prd5, Prd6, Prd47, Pr4s8,
Pr49), Kang and Lansey (2012) (Pr27) and Marchi et al.
(2014) (Pr33), while using multi-objective optimization
to find the optimal trade-off between construction and
operational GHG emissions. Additionally, Richardson
and Hodkiewicz (2011) (Pr35), while not considering
pump type selection per se, considered the effect of
pump overhaul scheduling, and hence the trade-offs be-
tween pump replacement capital and loss of efficiency
due to wear, on the minimization of cost and GHG
emissions. This study showed that similar trade-offs
exist between costs and GHG emissions when consid-
ering pump overhaul scheduling as when considering
other more often used options, such as selecting pipe
sizes and pump types. Wu et al. (2010c) (Pr46) and
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used trigger levels to control the operation of a pump
over a 48-hour EPS, while Marchi et al. (2014) (Pr33)
considered the use of both pump scheduling and trig-
ger levels to control pump operations. These studies
highlighted the importance of considering both pump
type selection and pump operational management to-
gether. The other studies stated above used steady-
state analysis without the use of pump operational
management, with the range of GHG emissions corre-
sponding to optimal solutions being far smaller than
those obtained while incorporating pump operational
management. The ability to reduce GHG emissions by
considering pump type selection and pump operational
management options together has not been considered in
depth in the reviewed literature. However, results showed
that this consideration may lead to further reductions in
GHG emissions, and it is therefore recommended that this
be further explored.

Pump operational management

Eight of the reviewed papers considered the use of pump
operational management. Of these, seven used storage
trigger levels [C2] to implicitly control pumps, while
four considered the use of pump scheduling [C1] to ex-
plicitly control the time of operation. Ertin et al. (2001)
(Pr14) and Ramos et al. (2011) (Pr34) used both pump
schedules and trigger levels, comparing the energy effi-
ciency of each management type. Ertin et al. (2001)
(Pr14) showed that a 12.5% energy saving can be made
by using pump scheduling instead of storage tank trigger
levels. Conversely, Ramos et al. (2011) (Pr34) reported
that while no pump electrical energy savings were made
by using pump scheduling instead of trigger levels, oper-
ational costs can be significantly reduced by pumping at
off-peak electricity times and hence reducing the average
unit cost of consumed electrical energy. Trigger level
options were also used for the purpose of reducing GHG
emissions (Pr31, Pr33, Pr34, Pr36, Pr46) and energy
usage (Pr9, Pr14). While literature considering oper-
ational management options has suggested a benefit to
the consideration of pump operational management for
the reduction of GHG emissions, little work has been
undertaken to consider the effects of time-dependent
operational factors, such as time-dependent emissions
factors, on the optimal operational management of WDSs.
However, as considering the time-dependency of elec-
tricity tariffs has been shown to help select operational
management choices that reduce operational costs
(Pr34), by extension, consideration of the time-
dependency of emissions factors could help to reduce
operational GHG emissions. As pumps use the majority of
consumed energy during WDS operation, careful consid-
eration of pump control represents a possibility for further
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GHG emissions reduction and therefore warrants further
research.

Infrastructure considerations

Water distribution system complexity

WDSs have been represented within the literature in dif-
ferent forms, from simple single pipe systems to complex,
real-world networks. As can be seen from Additional
file 1: Table S1, of the reviewed literature using multi-
objective (MO) optimization and the objective of GHG
emissions reduction, eleven examples used complex
WDSs [C16], while fourteen of the reviewed papers used
only simplified WDSs [C15] for case-studies. Simplified
networks have been used for proof of concept and assess-
ment of the impact of policy factors, such as discount
rates. More complex networks were used for both initial
design and system upgrade scenarios. Case-studies by
Abadia Sanchez et al. (2008) (Prl), Cabrera et al. (2010)
(Pr9) and Filion et al. (2004) (Pr17) used simplified repre-
sentations of WDSs for the purpose of system energy ana-
lysis. Ertin et al. (2001) (Pr14), Filion (2007; 2008) (Pr15,
Pr16) and MacLeod and Filion (2011) (Pr31) used simp-
listic systems in order to analyze the effects of specific
factors, such as pump scheduling, population density and
urban form, on the energy usage and/or GHG emissions
associated with a WDS. Herstein et al. (2009a) (Pr25) used
a one pump, one tank and one demand node WDS in
order to test the concept of the environmental impact
index; used to rank a WDS based on several sustainability
criteria, including the release of GHG emissions. This was
later applied to an MO optimization problem using the
Anytown WDS (Pr26), as described by Walski et al.
(1987). Biehl and Inman (2010) (Pr5), Boulos and Bros
(2010) (Pr7), Ektesabi et al. (2009) (Pr13) and Young
(2010) (Pr50) discussed possible energy reduction and
GHG emissions abatement strategies, and the consi-
derations that need to be made when applying them to
real-world systems. Ghimire (2010) (Pr21) and Ghimire
and Barkdoll (2008; 2009; 2010) (Pr18, Pr19, Pr20) simu-
lated a number of WDSs ranging in size and complexity,
analyzing the effects of various factors on energy usage,
such as pump power, storage tank parameters and water
demands. Wu et al. (2013) (Pr49) optimized a South
Australian WDS, among others, for the minimization
of costs and GHG emissions and the maximization of
hydraulic reliability. MacLeod et al. (2010) (Pr32) and
Roshani et al. (2011) (Pr36) optimized the Ambherstview,
Canada, WDS as an upgrade problem, looking at the
effect of pipe selection on GHG emissions, while Dandy
et al. (2006) (Pr10) optimized the Anabranch rural WDS
in Australia as a design problem, looking at the effect of
pipe selection on capital and operational energy usage,
with comparison to an original design, which focused on
the reduction of capital and operational costs.
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In summary, there has been limited consideration of
complex WDSs. While they were used for the simulation
and analysis of energy usage and the analysis of GHG
emissions, only eleven of the reviewed papers used com-
plex systems in case-studies for the optimization of
GHG emissions (Pr4, Pr5, Pr12, Pr23, Pr24, Pr26, Pr27,
Pr32, Pr33, Pr36, Pr49). While simple case-studies have
shown the benefits of considering GHG emissions, only
the use of more complex case study systems will be able
to show the feasibility of considering GHG emissions
associated with real-world WDSs outside of the research
arena. Therefore, further research should be undertaken
in order to understand the implications of considering
GHG emissions on more complex systems.

Water demands

Daily water demand patterns [C17], also known as
diurnal curves, were incorporated by nineteen of the
reviewed papers into the simulation and optimization of
energy usage and GHG emissions associated with WDSs
(Pr2, Pr4, Pr5, Pr8, Pr9, Prl4, Prl9, Pr21, Pr22, Pr23,
Pr24, Pr25, Pr31, Pr32, Pr33, Pr34, Pr36, Prd6, Prd9).
Diurnal curves have become a popular way to increase
the accuracy of modeling the time-dependency of water
demands seen in the real world. This time dependency
has become an important part of modeling the cost of
operating WDSs, especially with the consideration of
peak/off-peak electricity tariffs, where it is not only the
total time of pump operation that is important, but also
the time of use. Ertin et al. (2001) (Pr14) demonstrated
a reduction in energy usage of 12.5% when considering
pump time of use. This was done by careful consider-
ation of storage tank levels, which required the use of
diurnal curves to accurately simulate the change in tank
levels over time. While the majority of literature consid-
ering GHG emissions opted for the use of steady-state
water demands, Herstein et al. (2009a) (Pr24, Pr25),
MacLeod and Filion (2011) (Pr31) and Wu et al. (2010c¢)
(Pr46) included the use of diurnal curves while using
extended period simulations (EPSs) when evaluating
operational energy usage. While not commonly in use,
demand variations [C18] over extended periods of time,
such as monthly, seasonal and annual variations, have
also been incorporated. Alandi et al. (2009b) (Pr2) used
monthly demand variations in order to evaluate pump
energy usage for each month in the year and Filion et al.
(2004) (Pr17) used demands that were assumed to in-
crease on a decade by decade basis. The demand varia-
tions were used to consider the difference in system
requirements at each stage of pipe replacement during
the life of the system. Wu et al. (2012b) (Pr47) incorpo-
rated seasonal demand variations as a way of assessing
the benefits of using variable speed pumps. In this study,
the benefit of being able to reduce the pump’s speed was
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seen by a reduction in frictional energy loss, which in
turn equated to a reduction in GHG emissions.

Nineteen of the reviewed papers used diurnal water de-
mand patterns as a consideration of the time-dependency
of consumer demands. This is important, as it allows the
time-dependency of real-life water demands to be repre-
sented more accurately. The time-dependency of water
demands over longer time periods is still rarely used, with
only two optimization papers considering this (Prl7,
Pr47). However, as shown by Filion et al. (2004) (Prl7)
and Wu et al. (2012b) (Pr47), considering longer term
water demand variations can affect the choice of optimal
design options. Consideration of water demand variability
is important for the accurate analysis of GHG emissions,
as a WDS is a demand driven system and thus this consid-
eration can directly affect the energy usage requirements
of the system. Water demands may change over the oper-
ational life of a WDS (e.g. diurnal changes, seasonal
changes and/or yearly changes) and these changes must
be incorporated in order to more accurately reflect actual
energy consumption. In order to achieve greater accuracy,
future research will need to incorporate longer-term water
demand changes along with the shorter-term changes that
are presently used.

Electricity tariffs

Single, average tariff values [C12] have been predomin-
antly considered when analyzing the operational costs
associated with WDSs (Additional file 1: Table S1).
Of the reviewed papers, only four considered peak/
off-peak time-dependent tariffs [C13] (Pr6, Pr8, Pr33,
Pr34). Biehl and Inman (2010) (Pr6) discussed the
ways in which electricity is charged to the consumer,
and suggested ways in which both energy usage and
its associated costs can be reduced. Both time dependent
charges, including peak and off peak tariffs, which charge
for the actual amount of electricity used with a rate
based on the time of usage, and time-independent
charges, including demand charges, which charge for
the highest demand reached over either the billing
period, or a prescribed period of time, were considered.
While a demand charge can account for 10-20% of a water
utility’s electricity costs, it is suggested that the majority of
these costs can be attributed to tariff charges (Pr6). Ramos
et al. (2011) (Pr34) showed that optimizing pump opera-
tions while considering peak/off-peak electricity tariffs can
result in cost reductions by pumping during off-peak
times. One study also looked at the effect of longer
term changes to electricity costs. Wu et al. (2012a)
(Pr48) used a fixed rate tariff, adjusted annually to
model the effect of electricity price increases caused
by the possible effects of carbon taxes and carbon
trading schemes imposed on the electricity generation
industry.
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While literature using peak/off-peak electricity tariffs
has shown that consideration of the time-dependency of
electricity tariffs can be used to reduce operational costs
(Pr34), there has been little research to assess the effects
of time-dependent tariffs on the trade-offs between costs
and GHG emissions. Although tariffs are only used to
calculate costs associated with electricity usage, the
trade-offs that often occur between costs and GHG
emissions mean that the accurate analysis of operational
costs is an important part of analyzing this trade-off. As
with GHG emissions, operational costs are accumulated
over the life of a WDS and as such, both the short-term
and long-term time-dependencies of electricity tariffs
must be considered if these costs are to be assessed
accurately.

Greenhouse gas emissions factors

As can be seen from Additional file 1: Table S1, all of
the reviewed papers which used emissions factors used
single, average GHG emissions factors [C10] instead of
considering short-term (e.g. diurnal) emissions factor
variations. The only consideration of time-dependent
emissions factors [C11] in the reviewed literature was by
Roshani et al. (2011) (Pr36) and Wu et al (2012a; 2013)
(Pr48, Pr49). In these studies, emissions factors were
assumed to reduce annually, due to an increase in the
proportion of renewable energy sources for electricity
generation. However, short-term (e.g. daily) variations of
emissions factors were not considered. Within the litera-
ture, there has been little discussion of the short-term
variability of emissions factors, which considers the vary-
ing contribution of different generation types for different
demand loads during the day. However, similar to elec-
tricity tariffs, emissions factors can vary over shorter
(e.g. daily) time periods. Similar to the effect of electri-
city tariffs on costs (Pr34), these changes to emissions
factors have the potential to affect the optimal operation
of pumps when considering the minimization of GHG
emissions. GHG emissions are accumulated over the life-
time of a WDS’s operation. As such, the time of use of
electricity generated from fossil fuel sources has the po-
tential to considerably alter the GHG emissions associated
with the operation of a WDS. For WDS optimization,
there lies a potential to find reduced GHG emissions
operational strategies by considering the impact of time-
dependent GHG emissions factors. However, this has not
been studied thus far.

Sources of electrical energy generation

While the analysis of pump energy usage was widely
considered, only seven of the papers reviewed considered
the source of electricity [C9] consumed by pumping
activities (Pr25, Pr26, Pr30, Pr34, Pr36, Pr38, Pr48). These
papers commonly accounted for the types of electricity
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generation by considering their associated emissions
factors. This consideration allows the emissions factor for
a specific electricity generation region to be evaluated,
allowing for increased accuracy when evaluating GHG
emissions. Stokes and Horvath (2005) (Pr38) used life
cycle analysis (LCA) to evaluate the energy use and GHG
emissions for two case-study WDSs in California. GHG
emissions were evaluated for multiple activities through-
out the life of the WDSs; including through the use of
electricity for pumping, which was calculated considering
the mix of electricity generation types for the state of
California. Lundie et al. (2006) (Pr30) also used LCA to
evaluate the environmental impacts of Sydney Water’s
activities, including the WDS used to supply the city. In
this study, both conventional and alternative power
sources, including the combustion of biosolid remains
from wastewater treatment, were considered. Ramos et al.
(2011) (Pr34) compared operational management opti-
mization while considering different power sources,
including from the electricity grid, a water turbine used to
recover energy normally lost through a pressure reducing
device and a wind turbine used to provide renewable
energy generation. The results of this study concluded
that using renewable energy (in the form of a wind
turbine) can significantly reduce GHG emissions, as sig-
nificantly less electricity is sourced from the electricity
grid. Herstein et al. (2009a; Lundie et al. 2004) (Pr25,
Pr26) included the consideration of electricity generation
sources during the optimization of case-study WDSs, in
which system cost and environmental impact were evalu-
ated. The environmental impact objective used considers
several factors, including air pollution and non-renewable
resource depletion, associated with the use of electricity.
The consideration of electricity generation source was
used in the evaluation of these factors, where the type of
generation impacts the amount of pollution and resource
depletion.

Pump energy usage [C14] is often calculated as part of
the analysis of a WDS. While the energy usage of a
pump is generally considered, the consideration of where
this energy has come from is often overlooked. This is
important if the GHG emissions associated with the
usage of electricity are to be calculated more accurately.
However, only seven of the reviewed papers considered
different sources of electricity generation (Pr25, Pr26,
Pr30, Pr34, Pr36, Pr38, Pr48). While consideration was
given to the location of electricity generation sources
(generally on a regional basis), little research has been
conducted into the influence of time on these sources. A
WDS can operate over many decades, with GHG emis-
sions associated with its operation being accumulated
over this period. Because of this, accurate calculation of
these GHG emissions will require consideration of the
source of electricity generation in terms of both location
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and time. In order to accurately estimate GHG emis-
sions, greater consideration needs to be given to the
sources of electricity generation in order to increase the
accuracy of GHG emissions analysis.

Water distribution system analysis considerations
Extended period simulations

Of the reviewed papers that used hydraulic simulation,
thirty six used either single steady state or extended
period simulation [C19], of no more than 96 hours in
length, to evaluate energy use over the projected lifespan
of the WDS. The majority of these have not considered
variable lengths of EPS and the effect this can have on
the accuracy of evaluation. However, two papers have
discussed EPS length [C21]. Cabrera et al. (2010) (Pr10)
used two EPS lengths during a WDS energy audit; one
day and one year, with energy inputs and outputs being
evaluated using both simulation lengths. The proportion
of total input/output energy associated with each
source/consumer was compared over the different EPS
periods. Hernandez et al. (2010) (Pr22) also used various
EPS lengths while conducting a WDS energy audit. In
this case, short-term and long-term EPSs of one day and
one month, respectively, were used.

The use of multiple hydraulic simulations [C22] can
also help to improve the accuracy of evaluation. For ex-
ample, the simulation of different demand patterns over
multiple seasons within a year can be used to reflect the
changing demands that occur in the real world; however,
this requires a separate EPS for each demand pattern,
which will increase the computational time required to
run an optimization algorithm. Most of the reviewed lit-
erature has used a single hydraulic simulation in order
to evaluate pump energy requirements. Exceptions to
this include Alandi et al. (2009b) (Pr2), who simulated
multiple demand scenarios for each month in the year;
and Wu et al. (2012b) (Pr47), who simulated the use of
both FSPs and VSPs over four demand scenarios to rep-
resent seasonal variation, using the demand variations to
show the energy saving benefits of using VSPs over FSPs.
Filion et al. (2004) (Pr18) also used multiple simulations
for the purpose of analyzing multiple demand scenarios.
Increases in demand were used at each system upgrade
juncture, which require possible pipe size changes in
order to fulfil hydraulic demands for the next mainten-
ance period.

Few papers have considered the length and number of
EPSs used to analyze the operation of a WDS. However,
these constitute important considerations. As discussed
in Simulation dynamics components, the use of water
demand, electricity tariff and GHG emissions factor data
that consider time-dependent variations will require
simulations that encompass these time variations. With-
out considering these, the increased accuracy of the input
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data will not be translated into more accurate analysis. As
such, research must consider the length and number of
EPSs used, with consideration given to the requirements
of the input data used.

Government policy considerations

Economic discounting

As can be seen from Additional file 1: Table S1, twelve
papers considered the effects of economic discounting
[C28], using discount rates ranging from 1.4% to 10%.
Comparisons were also made between the results found
by using different discount rates (Pr31, Pr32, Pr36, Pr39,
Pr40, Pr41, Pr42, Pr43, Pr44, Pr45). Results commonly
showed higher annual operating cost designs resulting
from the use of higher discount rates. This result is
expected, as a higher discount rate will place less value on
future (operating) costs compared to present (construc-
tion) costs, resulting in a bias towards lower construction
cost designs. This results in designs that require the use of
more electrical energy for pumping requirements. The use
of higher discount rates translates to greater pump energy
requirements, with an associated increase in GHG emis-
sions. The largest proportion of GHG emissions com-
monly results from electricity usage during operations.
Reducing total GHG emissions can often be achieved by
reducing operational GHG emissions, which has been
seen with the use of lower discount rates. In practice,
higher discount rates are applied to economic cost
analyzes for water distribution systems (Pr43), however,
the results shown within the reviewed literature would
suggest that a lower discount rate should be applied to
economic costs if importance is also to be placed on redu-
cing GHG emissions.

Eleven of the sixteen papers which used optimization
to reduce GHG emissions also considered the use of
economic discount rates, which represents the majority
of papers. Present value analysis (PVA), used to evaluate
the present worth of future activities, is critical to the
analysis of trade-offs between construction and oper-
ational costs, as the discount rate used can have a dra-
matic effect on the weighting given to operation. As such,
sensitivity analyzes of economic discount rates will still be
necessary in order to analyze these trade-offs in a robust
fashion.

Greenhouse gas emissions discounting

While not as commonly considered as economic
discounting, PVA was also applied directly to the
evaluation of GHG emissions [C29] in nine of the
reviewed papers. A discount rate of zero is often used
for GHG emissions impact evaluation (Pr44), placing an
equal weighting on present GHG emissions and those
produced in the future. Use of positive discount rates was
also suggested (reducing the value of future emissions),
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which reflects the belief that future technology will be able
to better abate the impact of higher GHG emission
concentrations in the atmosphere (Pr44). Of the reviewed
papers that considered GHG emission discounting, the
majority used a rate of zero. Wu et al. (2008c) (Pr41) used
two discounting scenarios; economic costs and GHG
emissions costs (using a carbon tax) were discounted at
the same rate for the first scenario, while GHG emissions
costs were given a zero discount rate in the second
scenario. The results of this study show that the second
scenario leads to results where a higher proportion of total
costs are due to GHG emissions. Another study by Wu
et al. (2010a) (Pr44) used the same scenarios as described
above, while GHG emissions were discounted directly,
however, a direct comparison between the two scenarios
was not presented.

As with economic discount rates, the direct applica-
tion of discount rates to GHG emissions is an important
aspect of the analysis process. Trade-offs exist between
construction and operational GHG emissions and also
between costs and GHG emissions. As such, careful con-
sideration needs to be given to the discount rates applied
to GHG emissions. However, as discussed above, few
studies have taken the effects of GHG emissions dis-
counting into account. As with economic PVA, there
remains a need to consider the effects of GHG emissions
PVA with the use of sensitivity analyzes and the consider-
ation of the effects different discount rates have on the
trade-offs between the construction and operation phases,
and the objectives of cost and GHG emission reduction.

Carbon costing

Carbon tax and carbon trading policies [C27] have been
analyzed in six of the reviewed papers. This was done by
applying a monetary cost to each unit of GHG emissions
produced, including that from construction, calculated
from embodied energy, and operation, calculated from
electricity usage. Roshani et al. (2011) (Pr36) used three
carbon tax scenarios as proposed by the Canadian
National Round Table on the Environment and the
Economy (2009), comparing optimization results for each.
However, this study found little evidence that the use of a
carbon tax will result in GHG emissions benefits, conclud-
ing that for the system upgrade problem considered, there
was already adequate hydraulic capacity, suggesting that
upgrading the system would do little to reduce pump en-
ergy requirements. MacLeod and Filion (2011) (Pr31) used
the same carbon tax scenarios as Roshani et al. (2011)
(Pr36), applied to a water transfer main design scenario.
Results of this study showed that a larger pipe diameter
was chosen for the two higher taxed scenarios when the
lowest discount rate was used, resulting in fewer GHG
emissions being produced during operation over the life-
time of the project. Wu et al. (2008c) (Pr41) applied five
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different carbon taxes to a WDS optimization problem.
As with MacLeod and Filion (2011) (Pr31), a higher car-
bon tax showed some propensity to result in the selection
of larger pipe diameters, thus reducing pump energy re-
quirements. Wu et al. (2012a) (Pr48) used an increase in
electricity costs to simulate the effect of a carbon trading
scheme, with electricity tariffs increasing annually by a set
percentage. Results from this study suggest that no signifi-
cant GHG emissions reductions would be seen by consid-
ering higher electricity costs, as the use of higher
electricity tariffs increased the operational cost of each de-
sign solution, however, it did not affect the order of the
solutions.

The results from the above studies suggest that the
use of carbon taxes and carbon trading schemes may
help to reduce GHG emissions, however, there are other
factors that need to be considered, which may also play
a significant role in the choice of optimal solutions.
These include the use of different discount rates, the
emissions factors applied to the use of electricity and the
impact of changing pipe sizes on a system’s hydraulic
capacity. While these studies have helped to recognise
the benefits of carbon taxes and carbon trading schemes,
more research is needed to understand what level of
carbon tax and carbon costing is required to see optimal
benefits in relation to the reduction of GHG emissions,
and whether this can be applied to all cases or is case-
study specific.

Summary and conclusions

The rising level of GHG emissions within the atmos-
phere of the Earth is a common problem faced by
human-kind, with no easy solutions yet to be discovered.
As such, it is the responsibility of each sector of industry
to help reduce their contribution of GHG emissions
released into the atmosphere. Water utilities are no excep-
tion. Research into the GHG emissions associated with
WDSs is a new, yet important field. There remain many
aspects of GHG emissions reduction that are yet to be
properly researched. The importance of the field, coupled
with the responsibility of water utilities to reduce their
carbon footprint, means that these areas should become a
priority for future research efforts.

Water distribution systems (WDSs), whilst providing
an essential service to modern cities, contribute signifi-
cantly to the release of GHG emissions. Optimization
has been used as a way to more efficiently design and
operate WDSs by reducing both costs and GHG emis-
sions. This paper has presented the WCEN conceptual
framework (Water distribution cost-emissions nexus
(WCEN) conceptual framework), a conceptual tool used
to analyze the components which affect the costs and
GHG emissions associated with WDSs, and has reviewed
current literature which considers the use of formal
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optimization methods for the reduction of GHG emis-
sions (and energy usage, which is linked directly to GHG
emissions in most cases) associated with WDSs (Review
of methods used for GHG emissions reduction associ-
ated with water distribution systems). The review of the
selected papers has outlined gaps in the current lite-
rature, which are summarized in Recommendations for
future research.

While not an analytical tool itself, the WCEN concep-
tual framework provides a representation of all the
components required to accurately evaluate the GHG
emissions and costs associated with WDSs. This includes
the integration of electricity generation infrastructure,
used to more accurately represent the factors affecting
GHG emissions associated with electricity usage; the
introduction of more accurate, time-dependent input data,
including water demands, electricity tariffs and GHG
emissions factors; the ability to modify the hydraulic simu-
lation process to fit the requirements made by the use of
more accurate input data; the analysis of outside policies
such as present value discounting policy and carbon
trading policy; and the integration of these aspects into
one complete framework.

Recommendations for future research

The literature reviewed in this paper has shown the
benefits of reducing climate change effects that have
come with the explicit consideration of GHG emissions
in the optimization of WDSs. While trade-offs often
exist between costs and emissions, it has been shown
that the consideration of GHG emissions does not need
to be at the detriment to cost savings. While the reviewed
literature has introduced the concept of evaluating the
GHG emissions associated with a WDS, there is scope for
improvements to be made in the field of WDS simulation
and optimization. Improvements need to be made so that
GHG emissions are evaluated with the same degree of
accuracy as costs. Greater accuracy will be found by both
improving the input data used and careful consideration
of the modeling process. An increase in accuracy will not
only allow solutions to be viewed with greater confidence,
but will also allow better solutions to be found.

Based on the review of the fifty papers on the
reduction of energy usage and GHG emissions associ-
ated with the construction and operation of water distri-
bution systems considered in this paper, the following
recommendations for future research are made.

1) Costs, associated with both the design and operation
of WDSs, have been well considered within the
literature. Similarly, GHG emissions associated with
the design of WDSs have been well considered, both
in terms of factors affecting design GHG emissions
(e.g. embodied energy analysis) and the choices
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available to control design GHG emissions

(e.g. choosing pipe diameters). However, GHG
emissions associated with the operation of WDSs
have been given little consideration beyond
simplistic evaluation. While considerations of
material types and their respective production
methods have been made in order to accurately
evaluate design GHG emission, similar accuracy
has not been afforded to operational GHG
emissions. Considering the sources of electricity
used for pumping purposes is critical, as they can
have a significant impact on the emissions intensity
of electricity being consumed. Future research
should focus on the consideration of the sources of
electricity, so that operational GHG emissions can
be evaluated as accurately as costs and design
GHG emissions.

2) Consideration should be given to the time-

dependency of GHG emissions factors used for the
evaluation of operational GHG emissions resulting
from the operation of pumps. As discussed in
Greenhouse gas emissions factors, current research
predominantly treats emissions factors used to
calculate GHG emissions as a single, average value.
The sources of electricity (see recommendation 1)
need to be considered if the time-dependency of
emissions factors is also to be considered. However,
as discussed in Sources of electrical energy gener-
ation, there is a lack of consideration of the source
(s) of electricity used for pumping. Both of these
gaps mean that the GHG emissions associated with
electricity usage are not being accurately evaluated,
with little consideration being given to both the time
and place of electricity usage. In reality, emissions
factors fluctuate with time and location according
to the contribution of different generation types
supplying to the electricity grid. As discussed
previously, the time-variability of electricity tariffs
has been successfully used to reduce the cost of
WDS operations. Similar to this, the modeling of
time-variability of emissions factors could not only
increase the accuracy of operational GHG emissions
evaluation, but could allow pump operational
strategies to be explored, using potential times of
low emissions energy as a way to reduce GHG
emissions without the necessity of reduced energy
consumption. While emissions factors may be
difficult to accurately model due to the complex
nature of the electricity generation industry, they
may be modeled using similar ideas to those
employed for water demands. These could include
diurnal curves for hourly fluctuations through the
day; multipliers used to adjust the peaks for different
times of the year; and predictions for future
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increases/decreases over the coming years and
decades.

3) If the time-dependency of emissions factors is to be
considered, then it is also necessary to consider the
time-dependency of water demands. As water
demands affect the timing and magnitude of water
requirements placed on the WDS, they can directly
affect the energy requirements of pumps and as
such, affect the optimal use of pumps. Additionally,
as the driver for the entire system, the accuracy of
modeling a WDS is dependent on the modeling
accuracy of water demands. As discussed in Water
demands, while diurnal curves are now widely used
to model the variation in water demands over the
length of a day, other demand variations have not
been widely considered within the reviewed
literature. As GHG emissions are accumulated over
the life of a WDS, longer term variations, such as
seasonal and annual variations, should be modeled
in order to accurately simulate the effect that
changing water demands have on the amount of
GHG emissions produced over the operational
lifetime of a system.

4) In order to benefit from the additional accuracy
afforded by considering time-dependent emissions
factors and water demands, the time-of-use of
pumps also needs to be considered. Pumps can be
controlled to both reduce energy usage through
unnecessary friction losses due to high pipe
velocities and to use electricity during low emissions
factor times to reduce operational GHG emissions.
However, pumps also need to be controlled so that the
ever-changing water demands placed on the WDS are
met, without storage tanks running empty or below a
minimum acceptable level. As such, the complex task
of operating pumps to minimize costs and GHG emis-
sions is ideally suited to formal optimization
techniques. However, as discussed in Pump operational
management, little consideration has been given to
pump operational management options for the
reduction of GHG emissions associated with WDSs.
As the majority of GHG emissions (in a pumped
system) are commonly associated with the use of
pumps, there exists an opportunity to further reduce
GHG emissions by considering optimal operational
management of pumps within WDSs.

5) As discussed in Extended period simulations, little
consideration has been given to the hydraulic
simulation processes used for the evaluation of GHG
emissions. Few improvements in the simulation
processes applied to WDSs (including simulation
length and the number of simulations used) have
been considered in the reviewed papers. If the use of
more accurate information, such as time-dependent
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GHG emissions factors and seasonal/annual water
demand variations is to be considered, careful
consideration of the simulation process is also
required. The necessity to modify simulation
practices when incorporating new input data has
been highlighted in Figure 2, where the addition
of input information complexity is matched
against simulation requirements necessary to fully
exploit the additional information. As such, if
recommendations 1 to 4 are to be considered,

it will also be necessary to further consider the
requirements of the simulation processes used to
evaluate operational costs and GHG emissions.

6) As discussed in Government policy considerations,
government policies have been considered in the
reviewed papers by including such factors as
discount rates for both economic and GHG
emissions discounting, and carbon pricing by
considering carbon taxes and carbon trading
schemes. While one or more of these factors have
been included by thirteen of the sixteen papers that
have used optimization to reduce GHG emissions,
they have a significant effect on the evaluation of
costs and GHG emissions. As such, it is important
that policy factors are continually considered.
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