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Abstract: Water treatment technologies are striving to retain their ecological and economic viability
despite the rising demand, conventional infrastructure, financial constraints, fluctuating climatic
patterns, and highly stringent regulations. This study evaluates the lifecycle environmental impact
of urban water treatment systems within the two densely populated South Asian municipalities of
Islamabad and Rawalpindi, Pakistan. The scope of this study includes a process-based Life Cycle
Assessment (LCA) of the entire water treatment system, particularly the resources and materials
consumed during the operation of the treatment plant. The individual and cumulative environmental
impact was assessed based on the treatment system data and an in-depth lifecycle inventory analysis.
Other than the direct emissions to the environment, the electricity used for service and distribution
pumping, coagulant use for floc formation, chlorine gas used for disinfection, and caustic soda used
for pH stabilization were the processes identified as the most significant sources of emissions to air
and water. The water distribution consumed up to 98% of energy resources. The highest global
warming impacts (from 0.3 to 0.6 kg CO2 eq./m3) were assessed as being from the coagulation and
distribution processes due to extensive electricity consumption. Direct discharge of the wash and
wastewater to the open environment contributed approximately 0.08% of kg-N and 0.002% of kg-P to
the eutrophication potential. The outcome of this study resulted in a thorough lifecycle inventory
development, including possible alternatives to enhance system sustainability. A definite gap was
identified in intermittent sampling at the treatment systems. However, more stringent sampling
including the emissions to air can provide a better sustainability score for each unit process.

Keywords: water treatment system; lifecycle assessment; sustainability; LCA

1. Introduction

Water and wastewater treatment facilities are among the primary contributors to
greenhouse emissions, leading to environmental deterioration and global climate change [1].
This is primarily due to the heavy reliance of water utilities on the energy sector in addition
to their extensive chemical usage [2]. In the U.S. alone, an estimated 45 million tons
of greenhouse gases (GHGs) are emitted annually from the energy used for water and
wastewater treatment [3]. The need to evaluate the environmental impact of water treatment
systems is driven by multiple challenges, particularly the regulatory criteria, present
infrastructure condition, population growth, and financial constraints [4,5]. Rothausen and
colleagues highlighted that wastewater treatment plants are a prominent contributor to
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GHG emissions as compared to water treatment plants; however, recently, more stringent
environmental regulations are being applied to water treatment systems globally [6,7]. The
major types of GHGs produced from water and wastewater treatment systems include
CO2, CH4, and N2O [8].

Quantifying environmental emissions other than just greenhouse gases is also crucial
for formulating recommendations for the implementation of modern and sustainable water
and wastewater treatment approaches. Other emissions, particularly, include contaminant
loadings to water and waste disposal to land. Numerous research studies have explored
innovative treatment technologies to achieve sustainable water quality [1]. For instance,
nanotechnology-enabled systems have reported a high efficiency and reduced resource use [9],
while magnetic separation is recognized as an eco-friendly alternative [10]. Membrane technol-
ogy, as discussed by Issaoui and colleagues, provides a sustainable water treatment option [11].
Each of these alternatives has varying GHG emissions. Although extensive research has been
conducted on emissions from wastewater treatment plants [12–14], there is a significant gap
in research concerning emissions from water treatment plants.

When considering reducing emissions and improving the water quality from water
treatment systems [5,15,16], it becomes evident that measuring the environmental impacts
of the service would allow for the development of a sustainable plan. Environmental
assessment methods such as economic and energy analysis, Environmental Impact Assess-
ment (EIA), and Net Environmental Benefit Analysis (NEBA) [17] play a significant role in
facilitating decision-making towards more environmentally and economically sustainable
operations. However, in order to achieve sustainability goals across the entire lifecycle of a
system, a method capable of evaluating the environmental impact at all of the stages of
the process is highly desirable. To accomplish this, the preferred method for modelling
environmental sustainability is the Life Cycle Assessment (LCA).

The ISO defines Life Cycle Assessment (LCA) as a well-established methodology for
quantifying the environmental impact of products or processes throughout their lifecy-
cle [18,19]. Additionally, LCA can be employed to assess the environmental effects of
individual unit processes [20]. The proper implementation of LCA facilitates the tran-
sition to alternative technologies and the advancement of technologies with a superior
environmental performance and sustainability [21].

Regardless of the chosen methodology for evaluating the sustainability of water
treatment systems, it is widely observed that a substantial portion of the economic and
environmental burden arises from electricity and chemical consumption during plant
operation [1,22,23]. The estimated electricity demand for producing 1 m3 of treated water
typically ranges from 0.26 kWh to 0.64 kWh [14,22]. In terms of scale, this consumption is
comparable to sustaining a hospital bed continuously for 24 h, 7 days a week, depending
on the plant’s flow capacity [24]. Following electricity, the utilization of chemicals emerges
as a prominent concern [1,25,26], imposing environmental and economic constraints on
sustainable water treatment systems. Notably, discussions on the direct emissions from
water treatment processes are sparse in the existing literature, with only a few studies
addressing this aspect [1,27]. This scarcity is primarily attributed to the limited availability
of direct emissions data collected from water treatment plants.

The primary aim of this study was to conduct a comprehensive sustainability anal-
ysis of the treatment processes designed to meet the water quality standards for human
consumption. The LCA method was selected as the most appropriate environmental sus-
tainability assessment framework for analysis of the processes involved in water treatment.
Although researchers have underscored specific drawbacks of the LCA method, such as the
need for extensive data collection and the requirement to incorporate detailed unit process
information for the study systems [1,5], it remains an effective method for quantifying
environmental impacts along respective pathways [28]. Typical emission pathways for
water treatment plants are listed in Table S1 [1]. Moreover, given that the LCA framework is
structured to assess environmental effects from the initial extraction of raw materials from
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the earth to the point of their return, the anticipated outcomes can offer a comprehensive
evaluation of plant performance and sustainability rating [29].

This study’s novelty lies in the utilization of the LCA method to evaluate drinking
water systems in Pakistan and the assembly of the necessary dataset to evaluate the life cycle
environmental impact from both of the analyzed systems. Notwithstanding the abundance
of studies covering comparable subjects [16,30–33], this research stands out for applying
the LCA method, and employing a thorough inventory analysis of both foreground and
background processes.

2. Materials and Methods
2.1. Goal and Scope Definition

The primary goal of this study was to measure the environmental impact of processes
involved in operating community water treatment systems. This involved assessing the
overall resources needed and the environmental footprint of individual unit processes.
Additionally, the underlying aim was to gather treatment data from actual plant scenarios
and utilize them as input for the sustainability analysis. In cases where precise data were
constrained, a proxy or alternative values closely aligning with actual plant operations
were used.

2.2. Functional Unit

The functional unit in this LCA analysis serves to establish a standardized unit of
measurement for the study system [34]. To maintain consistency with prior LCA studies
and enable comparable assessments, the functional unit was defined as 1 m3 of treated
water [5,14,18,21].

2.3. System Boundaries

LCA analyses of similar water treatment systems have applied the cradle to gate
concept [35]. In this study, the analysis encompasses all unit processes, spanning from the
collection of raw water to the production of treated water. This scope adequately justifies
the utilization of the term ‘cradle to gate’ in defining the system boundaries. However,
only those processes, whether foreground or background, which could be readily modified
to optimize treatment plant performance, were considered within the system boundary.
Processes necessitating system infrastructure reconstruction or redesign were excluded
from the study’s system boundaries. The system boundaries for this study encompassed:

(i) Input and output flows for all material resources utilized in the treatment plants, en-
compassing production, transportation, and associated primary background processes
like combustion and pipeline transport, among others;

(ii) All sources of electricity generation within the grid mix that are used to power the
water treatment plants;

(iii) The construction and decommissioning of the treatment system and water abstraction
systems (pipes, pumps, buildings, and reservoirs) were excluded from the scope of
this study for two primary reasons: (a) they contribute only minimally to environ-
mental impact [16,36,37], mainly due to their relatively longer functional lifespan [38],
and (b) these processes do not directly impact the day-to-day operations of a water
treatment system.

2.4. System Description of Case Study Example

To effectively understand the unit processes and the operational parameters of an
urban water system, the water treatment plants in the adjacent cities of Islamabad and
Rawalpindi, Pakistan, were used as a case study example. The Rawal Lake Water Treatment
Plant (RLWTP) and Sang-Jani Water Treatment Plant (SJWTP) are designed to supply
drinking water to the residents of the twin cities, with an operating capacity of 23 MGD
and 51.7 MGD, respectively. The drinking water supply of the RLWTP dates back to 1962.
The plant draws its water from the Rawal lake and is managed by the Water and Sanitation
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Agency (WASA) under the Rawalpindi Development Authority (RDA). The major feeding
channel to Rawal lake is the Korang River originating in the Murree Hills area [39]. The
source water quality for the RLWTP is relatively turbid due to the impurities carried by the
nearby rivers and streams. This plant is a surface water treatment plant focusing on the
removal of pathogens, micro-pollutants, pesticides, and organic matter.

In contrast, the SJWTP, operational since 2000 and managed by the Capital Develop-
ment Authority (CDA) in Islamabad, draws raw water from the Khanpur Dam, located
approximately 40 km from the Islamabad Capital Territory (ICT) in the village of Khan-
pur, Khyber Pakhtunkhwa. Operating at a daily capacity of 98,420 m3, this plant also
treats surface water to effectively eliminate pathogens, micro-pollutants, pesticides, and
organic matter. The geographic location and a satellite view of both the treatment plants
are presented in Figure 1.
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represents the zoomed aerial view of the plants.

In Pakistan, the conventional water treatment process train includes screening, aer-
ation, coagulation, flocculation, sedimentation, filtration, and chlorine disinfection. Raw
water is drawn from the surface water sources at the receiving well, which is equipped
with screening and control chambers. Flash mixers are designed to provide mechanical
mixing for uniform dispersion of coagulant aids and any additional chemicals added to
the raw water stream. At the RLWTP, an aeration system is installed for inducing airflow
into the raw water stream at a flow rate of approximately 6 m3 per minute. From the
flash mixers, the aerated and coagulant mixed water flows to the flocculation chamber
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for particle agglomeration followed by a solid settling process at a surface loading rate of
2.55 and 1.3 m/h for the RLWTP and SJWTP, respectively. At the RLWTP, coagulation and
flocculation are carried out through clariflocculators and shaft-paddle flocculators attached
to circular and rectangular basins.

In contrast, at the SJWTP, zig-zag baffles are designed to facilitate a sustainable floc-
culation process followed by rectangular sedimentation tanks. The water then undergoes
further purification through rapid sand filtration. Finally, chlorine is introduced in the clear
well storage unit just before distribution. Any sludge generated from the sedimentation
tank and filtration backwash is directed to a sludge lagoon. Backwash water is recycled
back to the receiving pond, while the settled sludge is disposed of into a rainwater-fed
natural stream running through the city [40]. At the RLWTP, the sludge produced from
the sedimentation tank and filtration backwash is directed for disposal to the Korang
River [41,42].

Incorporating all the unit treatment processes, a total of 14 processes were identified
to delineate the treatment sequences at the RLWTP and SJWTP. These processes are listed
in Table 1 with the operational parameter details. The design schematic and process train
diagram of the RLWTP and SJWTP can be found in Figures S1 and S2, also with processes
and operational details for each treatment component for both systems.

2.5. Lifecycle Inventory Analysis
2.5.1. Data Quality

In-person plant visits were organized for on-site data collection, plant process obser-
vation, and conducting operator and staff interviews. These visits were conducted during
the month of March in the year 2023. As a result, all of the data for unit flows and modeled
processes pertaining to the core system were sourced from the present-day operations at
the treatment plants. These data encompass processes listed in Table 1, plus additional
processes including maintenance routines. Background data for electricity, chemicals, and
materials were derived from the specific conditions in the countries of origin for the elec-
tricity, chemicals, and materials, respectively. Parametric impact scores for each impact
category related to the electricity grid were sourced from the European geographic region,
as it closely aligns with the electricity grid mix of Pakistan. For chemicals and materials,
specifically aluminum sulfate and chlorine gas, data were obtained from North American
repositories [43,44]. The processes modeled from these databases were adapted to suit local
electricity and transportation scenarios exclusively. Table S2 provides an overview of the
data sources for each category, indirectly indicating their quality. These data sources in-
clude published reports and inventory datasets designed and developed for transportation
and manufacturing processes for general chemicals and materials.

2.5.2. Inventory Analysis

The lifecycle inventory constructed for this study was structured around technical
(foreground) data and environmental (background) data. Altering foreground processes
typically leads to an immediate impact on production quantities, whereas background pro-
cesses do not directly influence production procedures [45]. The details of the foreground
and background data collected for the studied systems are provided in the following
sub-sections. The foreground inventory includes water quality, waste sludge, energy con-
sumption, and chemical consumption, while the background inventory includes electricity,
transport, chemicals, and materials.
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Table 1. Unit treatment processes representing the process train and the treatment parameters for RLWTP and SJWTP.

Operating Conditions Aeration Flash Mixer Coagulant Dosing Coagulant
Mixing Flocculation

V
ar

ia
bl

es

Fl
ow

R
at

e

In
it

ia
lT

ur
bi

di
ty

Fi
na

lT
ur

bi
di

ty

N
um

be
r

of
bl

ow
er

s

Bl
ow

er
ra

ti
ng

A
ir

flo
w

ra
te

N
um

be
r

of
m

ix
er

s

Im
pe

lle
r

D
ia

m
et

er

Ve
lo

ci
ty

G
ra

di
en

t

M
ot

or
ra

ti
ng

C
oa

gu
la

nt
ty

pe

C
oa

gu
la

nt
Fe

ed
R

at
e

N
um

be
r

of
pu

m
ps

C
oa

gu
la

nt
Fe

ed
pu

m
p

ra
ti

ng

So
lu

ti
on

C
on

ce
nt

ra
ti

on

H
yd

ra
ul

ic
R

et
en

ti
on

Ti
m

e

N
um

be
r

of
m

ot
or

s

M
ot

or
ra

ti
ng

Sh
af

tp
ad

dl
e

flo
cc

ul
at

or

C
la

ri
-fl

oc
cu

la
to

r

Ve
lo

ci
ty

G
ra

di
en

t

Fl
oc

cu
la

to
r

m
ot

or

C
la

ri
-fl

oc
cu

la
to

r
m

ot
or

H
yd

ra
ul

ic
R

et
en

ti
on

Ti
m

e

UNITS m3/d NTU NTU No# kW m3/min No# m s-1 kW Type mg/L No# kW % min No# kW No# No# s-1 kW kW min

RLWTP 79,500 10 0.5 2 9.2 6 2 1.6 450 9.2 Alum 20 3 0.9 15 1.2 2 11.186 3 3 26 4.5 13 15

SJWTP 98,000 8.33 1 NA NA NA 2 1.6 438 11 Alum 15 3 0.75 15 1.5 6 11

Zig-
Zag
Floc-
cula-
tor

NA NA NA NA 29

Sedimentation Filtration Service Pumps Disinfection Lime Dose Storage & Distribution Backwashing Sludge

V
ar

ia
bl

es

R
ot

at
in

g
fu

ll
br

id
ge

cl
ar

ifi
er

R
ec

ta
ng

ul
ar

C
la

ri
fie

r

Su
rf

ac
e

Lo
ad

in
g

R
at

e

Ve
lo

ci
ty

G
ra

di
en

t

R
ap

id
Sa

nd
Fi

lt
er

M
ed

ia
Si

ze

Fi
lt

er
D

ep
th

Fl
ow

R
at

e

Pu
m

p
ra

ti
ng

O
pe

ra
ti

ng
ho

ur
s

Fe
ed

R
at

e

C
hl

or
in

e
D

os
in

g
pu

m
p

ra
ti

ng

Fe
ed

R
at

e

D
os

in
g

pu
m

p
ra

ti
ng

N
um

be
r

of
pu

m
ps

Po
w

er
Fa

ct
or

A

Po
w

er
Fa

ct
or

B

Pu
m

p
kV

A
ra

ti
ng

A

Pu
m

p
kV

A
ra

ti
ng

A

Pi
pe

lin
e

A
ir

sc
ou

r
pu

m
p

ra
ti

ng

Ba
ck

w
as

hi
ng

flo
w

Ba
ck

w
as

hi
ng

pe
ri

od

Sl
ud

ge
Vo

lu
m

e

UNITS No# No# m/h m/min No# mm m m/h kW h/d mg/L kW mg/L kw No# NA NA kVA kVA m kW m3/
m2.min cycle/d kg/m3
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0.8
(×3) 970 1400 13,160 51.474 0.6 1 0.0083
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2.6. Foreground Lifecycle Inventory Analysis

The foreground inventory was compiled from the RLWTP and SJWTP through on-site
data collection and field measurements, which included interviews with plant personnel
during site visits conducted in March 2023 and a detailed review of technical reports,
documents, and lab records. The gathered information was systematically recorded using
notes and data sheets. Operation and maintenance specifics for aeration, coagulation,
flocculation, sand filtration, disinfection, and distribution treatment steps were compiled
from annual plant reports, design guidelines, process models, and discussions with plant
operation staff. The collected inventory data were validated for each unit process and then
translated into functional unit terms, resulting in a meticulously calculated inventory set.
The foundational foreground inventory for both treatment systems is briefly outlined in
the following subsections.

2.6.1. Water Quality

The raw and treated water quality were routinely assessed at the study plants through
systematic sampling. Briefly, grab samples were obtained from both the raw water well
and the treated water storage (before distribution) and subjected to analysis by designated
laboratories and staff. Figure 2 illustrates the water quality at the studied plants for the year
2021, with turbidity as the featured parameter. Additionally, Table S3 provides details on
other water quality parameters including pH, alkalinity, hardness, conductance, calcium,
TDS (total dissolved solids), chlorides, nitrite, and ammonia.
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2.6.2. Waste Sludge

The wastewater and sludge generated during maintenance and backwash procedures
were quantified through mass balance calculations in addition to the system process param-
eters. These wastes contain elevated levels of aluminum from the coagulant and chemical
waste from the sedimentation basin, rendering their discharge into the environment unde-
sirable. At the SJWTP, a dedicated lagoon is designed to receive wash water and settled
sludge from the sedimentation basin. The treated water is recycled back to the receiving
well, while the sludge is directed to the open rainwater stream.
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In contrast, the RLWTP disposes of sludge and wash water directly into the receiving
environment. This practice heightens the potential hazard exposure levels due to the
presence of aluminum from the alum used in the coagulation-flocculation process. Both
plants collectively produce an estimated 800 kg of solid waste daily, accumulating to an
approximate sludge quantity of 322 tons annually.

Due to limited data availability on sludge quality sampling, primarily stemming
from the absence of chromatographic and spectrometry analysis equipment, an alternative
approach was adopted. Average pollutant concentrations from various water treatment
plant residuals were utilized. Table S3 outlines the pollutant concentration values specific to
the treatment systems employing coagulation and filtration processes, ensuring an accurate
representation of the sludge characteristics at the studied plants.

2.6.3. Energy Consumption

Based on the real electricity consumption of the plants, the operating energy require-
ments were estimated at a total electricity consumption of 113 kWh for the RLWTP and
1977 kWh for the SJWTP. The distinct difference in the total electricity consumption of both
systems was due to the mechanism of distribution pumping, as mentioned in Table S4. The
former system was based on gravitational distribution flow while the latter system used
heavy-duty pumps.

2.6.4. Chemical Consumption

Dry alum, gaseous chlorine, and lime (CaCO3) were the primary chemicals applied
for the treatment at the study plants. The alum dosing rate at the RLWTP and SJWTP
was comparable to similar systems, being from 15 to 20 mg/L. Chlorine gas was dosed to
disinfect the treated water at a feed rate of 2 mg/L. Lime (CaCO3) was dosed to adjust the
pH of the treated water at a feed rate of 0.2 mg/L.

2.7. Background Lifecycle Inventory Analysis

Background inventories for upstream processes, in particular electricity production,
chemical production, and transportation of chemical products, were referenced from elec-
tricity supplier companies, chemical manufacturers, suppliers, and technical reports. These
data were integrated with publicly available LCI (Life Cycle Inventory) sources, in par-
ticular the ELCD (European Platform on Lifecycle Assessment) database, the Ecoinvent
2.0 database, and the available literature on similar water treatment systems [25,46,47].

2.7.1. Electricity

In Pakistan, many different sources are used to generate electricity and they all have
different economic and environmental profiles. About 32.3% of the electricity in Pakistan is
produced from natural gas while 24.7% of the total electricity is produced from hydropower.
Furnace oil, coal, and nuclear sources contribute to the overall energy mix at 14.3%, 12.8%,
and 8.8%. The grid further draws electricity comprising 4.8% from wind sources and 1.4%
from solar [48].

2.7.2. Transport

For modeling transport processes in LCA, the transport means are categorized into:
(i) heavy-heavy duty trucks (HDTs), (ii) medium-heavy duty trucks (MDTs), (iii) rail,
(iv) Ocean-Going Vessel (OGV) container, and (v) OGV tanker [49]. For this study, the
transport through road, rail, and sea was modeled according to the Ecoinvent database
while the impact factors and distances were collected from [45,50] and other primary data
where available.

Some of the transport distances, in particular for barge and overseas transportation,
were adapted from the pre-defined inventory processes. For the transport through pipelines
for oil and natural gas products, the original processes defined by ERG (Eastern Research
Group) [51] were used.
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Considering that most of the chemicals and materials were imported from China via
ocean ways and then transported to the treatment plant through truck and rail transport, the
closest prognosis of the specific emissions and transport distances are detailed in Table S5.

2.7.3. Chemicals and Materials

Based on the scope defined for this study, the background inventory for chemicals
and materials used in the LCA process mainly includes the raw materials mined from
the ground and the chemicals manufactured through industrial processes. A list of the
chemicals and materials used in developing the lifecycle model is included in Table 1.
The inputs and outputs directly associated with the extraction and manufacturing of each
chemical and material are also included along with the source and reviewer of the data.
This is to ensure the highest data quality and effective assessment of the lifecycle impact of
the chemical and material resources consumed during the water treatment process at the
study plants.

2.8. Life Cycle Impact Assessment

Various methods are designed for translating the life cycle inventory flows into envi-
ronmental impact categories [52–56]. Because each method has specific characterization
factors, the end results may vary based on the method selected [57]. For this study, ver-
sion 1.0.8 of the Environmental Footprint (EF or OEF) method was used. The method
is organized through 15 midpoint impact categories and 4 end-point impact categories,
presented in Table S6. This is a recommended LCA method by the European Union as it
is designed to account for the supply chain processes related to raw material extraction,
chemical manufacturing, and waste disposal [58]. The EF method does offer region-specific
characterization factors; nevertheless, the accuracy of the spatially correlated characteriza-
tion factors (especially for the South Asian region) can produce high offsets in the assessed
impact scores.

3. Results
3.1. Contribution of Unit Processes

To effectively communicate the outcome of the LCA model for the two water treatment
plants, the results were structured based on the resources utilized in each treatment stage
and their corresponding environmental impact. The main resources that were considered
are the electricity and chemicals used. This is in addition to the environmental impact
generated in form of direct emissions from the water treatment plant.

Figure 3 graphically represents the impact contributed by each unit process that is
operational at the study plants. For the SJWTP, the results were dominated by the service
and distribution process in all impact categories. This was due to the heavy reliance of the
distribution pumps on grid electricity. The lifecycle impacts of the electricity grid powering
the studied plants are further discussed in the following sections and Table S7.

For the RLWTP, the highest impacts were contributed by the coagulation and flocula-
tion processes. The coagulation process was also found to be a significant contributor to
the life cycle impacts at the SJWTP. The impact from the production and transportation of
energy and chemicals, along with the waste by-product, rendered coagulation as a heavy
contributor to all the impact categories. For both of the studied plants, noticeable impacts
were produced from the media filtration processes. These impacts can be traced to the
extraction, manufacturing, and transportation of the filter media used at both plants. At the
SJWTP, the contribution of the disinfection and backwashing processes was also prominent
for most of the impact categories, while, at the RLWTP, the aeration, lime-dosing, and floc-
culation were distinct processes notably contributing to the environmental sustainability
profile of the plant.
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The most significant impact was observed for the climate change and freshwater
eco-toxicity impact categories, as illustrated in Figure 4. A cumulative total of 1.23 kg of
CO2 generation was estimated per m3 production of treated water. The RLWTP contributed
only 25% towards the total climate change impact, whereas the 0.65 CTUs of human toxicity
estimated per m3 production of treated water at both plants had a 96% contribution from
the SJWTP and only a 4% contribution from the RLWTP. The impact of the ionising radiation
and terrestrial eutrophication categories, even though subtle, was also observed across
all the unit processes for both treatment systems, with a cumulative estimated value of
0.022 kg U235 equivalent and 0.014 moles of N equivalent.



Sustainability 2023, 15, 16172 11 of 21

Sustainability 2023, 15, x FOR PEER REVIEW  11  of  22 
 

The most significant impact was observed for the climate change and freshwater eco‐

toxicity impact categories, as illustrated in Figure 4. A cumulative total of 1.23 kg of CO2 

generation was estimated per m3 production of treated water. The RLWTP contributed 

only 25% towards the total climate change impact, whereas the 0.65 CTUs of human tox‐

icity estimated per m3 production of treated water at both plants had a 96% contribution 

from the SJWTP and only a 4% contribution from the RLWTP. The impact of the ionising 

radiation and terrestrial eutrophication categories, even though subtle, was also observed 

across all  the unit processes  for both    treatment systems, with a cumulative estimated 

value of 0.022 kg U235 equivalent and 0.014 moles of N equivalent.   

 

Figure 4. Cummulative  life cycle  impact  results  for each  treatment process. Selected elementary 

flows are represented with distinct colors. The emission compartments mainly include air and wa‐

ter. The scale represents the emission concentration per functional unit. 

These impacts are to be attributed to the substantial release of carbon dioxide, carbon 

monoxide, and other toxic chemicals during the electricity generation, chemical manufac‐

turing, and transportation sub‐processes, as shown in Figure 5. The direct emissions from 

the operation of the water treatment plants must also be attributed to the life cycle impact 

categories. Withstanding that the inventory data for these direct emissions are yet to be 

established for most water  treatment systems,  the calculations  listed  in Supplementary 

Materials were employed to incorporate the air, land, and water emissions into the Lifecy‐

cle Assessment model. Most of the land and water emissions were from solid waste, or‐

ganic content, metals, and salts. As  for emissions  to  the air,  the most  frequently docu‐

mented emissions include carbon dioxide, carbon monoxide, and methane. 

Figure 4. Cummulative life cycle impact results for each treatment process. Selected elementary
flows are represented with distinct colors. The emission compartments mainly include air and water.
The scale represents the emission concentration per functional unit.

These impacts are to be attributed to the substantial release of carbon dioxide, carbon
monoxide, and other toxic chemicals during the electricity generation, chemical manufac-
turing, and transportation sub-processes, as shown in Figure 5. The direct emissions from
the operation of the water treatment plants must also be attributed to the life cycle impact
categories. Withstanding that the inventory data for these direct emissions are yet to be
established for most water treatment systems, the calculations listed in Supplementary
Materials were employed to incorporate the air, land, and water emissions into the Lifecycle
Assessment model. Most of the land and water emissions were from solid waste, organic
content, metals, and salts. As for emissions to the air, the most frequently documented
emissions include carbon dioxide, carbon monoxide, and methane.

Furthermore, based on the mid-point and end-point hot-spot analyses of unit treat-
ment processes presented in Tables S8 and S9, the cumulative life cycle impacts from
coagulation, flocculation, and distribution are comparable across all impact categories.
The life cycle impacts from aeration, disinfection, lime dosing, and backwashing may be
subdued; nevertheless, these processes are critical factors towards the sustainability of
the water treatment systems. From the LCA results of the unit process, coagulation and
flocculation emerged as the most energy-intensive processes, reserving the distribution
pumping process. For the coagulation process, 0.0076 kW and 0.017 kW were consumed
per cubic meter at the RLWTP and SJWTP, respectively. The flocculation at the SJWTP
is carried out through zig-zag baffles, which require no energy input, while the RLWTP
consumed 0.016 kW per cubic meter, factoring in the rectangular and circular clarifiers
(clariflocculators). In terms of the environmental impact solely attributed to electricity
consumption, this equates to 0.02 kg of CO2 emissions and 0.019 CTUh of eco-toxic effects
per cubic meter of treated water.
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3.2. Contribution of Background Processes

The contribution of background processes towards each impact category was assessed
systematically for both treatment plants. The results of the impacts contributed by the
chemicals and raw materials are presented in Figure 6 and the impacts contributed by
electricity consumption are presented in Figure 7.
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Out of the total 0.018 kg of CO2 (m3) produced from the background processes, a signif-
icant portion, specifically 68.7%, was contributed by the production and transportation of
the coagulant. Additionally, 16.5% was contributed by the production and transportation of
sand for filtration modules, 13.006% was contributed by chlorine gas used for disinfection,
and 1.717% was contributed by lime for pH adjustment. When analyzed in further detail, it
was observed that the total impact of transportation was more visible for railways as com-
pared to ocean ways. Furthermore, the impacts from railway transportation were visible
over a broader spectrum regarding its impacts on, in particular, terrestrial eutrophication
and photochemical ozone creation.

A total electricity consumption of 1.16 kW per m3 of treated water for both treatment
systems produced approximately 0.65 kg of CO2 emissions. Only 3% of these emissions
were contributed by the RLWTP, while 97% were produced from the operations of the
SJWTP. The same applies to toxic emissions to freshwater and hazardous emissions to air.
In contrast to the SJWTP, the environmental impact of the RLWTP seemed negligible. Even
so, the 0.037 kW electricity usage per m3 of treated water was still comparable to similar
water treatment systems. A brief elaboration of this argument is included in the discussion
section of this paper.

3.3. Comparative Analysis of Both Systems

The RLWTP is designed to leverage natural elevation for providing the hydraulic
head for water flow throughout the treatment system and distribution. This eliminates the
requirement of centrifugal pumps for raw water extraction and distribution. The SJWTP,
on the other hand, does not have an aeration mechanism and the flocculation basin is also
designed to operate on gravity. The environmental emissions from both plants are equal to
1.23 kg CO2 and 0.648 CTUh of eco-toxic effect per cubic meter of treated water. Service and
distribution mechanisms aside, the treatment processes at the RLWTP contributed 26.96%
while the processes at the SJWTP contributed about 30.37% to the total environmental
impact.

For the service and distribution processes only, the environmental impacts contributed
by the RLWTP and SJWTP were 0.06% and 42.6%, respectively. The reason for this is that,
at the RLWTP, the distribution was gravity-driven, with only a single service pump, while
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at the SJWTP, six high-capacity pumps were used for transferring the treated water from
the plant to the community reservoirs via DIP conduction lines.

Another important aspect of the treatment process is the filter backwashing mechanism
which uses the air scour pumps. Both plants used high-capacity air scour pumps with a
rating of 93 and 53 kWh. Still, the environmental impacts contributed by the backwash
systems are only 0.002% and 0.0008% for the RLWTP and SJWTP, respectively. This is
due to the daily operating time of the backwash system, which is only up to 2 hours as
compared to the other unit processes which operate on a 24 hour schedule. Figure 8 is a
graphical representation of the impacts contributed towards each LCA impact category per
unit treatment process. Based on the illustration, it is clear that the average environmental
performance of both plants is comparable, with the exception of the aeration, flocculation,
and lime dosing processes.

Figure 8. Comparative analysis of the life cycle impacts calculated for both the water treatment
plants. The impacts are presented with respect to each impact category, with a relative comparison of
both systems.

Considering only the treatment processes for both systems, there is a mere 3.74%
difference in the overall environmental impact of the systems. The significant difference in
the sustainability ratings of the systems is due to the high energy demand for distributing
the water through the distribution system. Finding alternative energy sources could reduce
the high resource demand and allow for more sustainable operating conditions.

4. Discussion

Urban drinking water treatment plants are vital for providing sustainable safe water
to ever-growing populations [59]. Effective resource management, including water, energy,
and chemicals, is essential for financial sustainability and continued dependence on this
technology [60]. Furthermore, emissions produced onsite pointedly affect resource sustain-
ability and, in this regard, it is crucial to consider the type and quantity of coagulants used.
Conclusively, balancing immediate needs with future freshwater protection is central to
urban water sustainability [61]. The introduction of green infrastructure and the use of
renewable energy sources can significantly reduce the carbon footprint of the two water
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treatment facilities, aligning with broader environmental goals [62]. Collaboration between
the local communities, local authorities, and water treatment plants would promote more
responsible water use and nurture a culture of sustainability [63].

Both of the water treatment systems (RLWTP and SJWTP) assessed in this study were
operating at a maximum capacity using only the traditional treatment methods. Raw water
quality is one of the key factors affecting the treatment process efficiency and finished
water aesthetics [64]. During high water and flood season, up to 1000 NTU of turbidity was
recorded, therefore requiring increased coagulant dosage. The continuous operation of the
unit processes through timely maintenance of the equipment may significantly improve the
resource utilization; still, the real Achilles heel for both the systems is the implementation
of proper monitoring and sampling programs. As water usage from these plants includes
human consumption, it is imperative to ensure that the treated water meets stringent quality
standards to safeguard public health [65]. Contaminants or impurities in the water supply
can pose significant risks to consumers, potentially leading to a range of adverse health
effects. These can range from gastrointestinal issues to more serious long-term health
concerns [66]. Additionally, water quality is considered of prime importance for food
safety, as it is often used in various stages of food production and preparation [67]. Thus,
continuous water surveillance measures are integral to safeguarding not only operational
efficiency but also the health and safety of end-users.

When analyzing each unit process with respect to the inputs and outputs, the highest
environmental impacts observed were due to the electricity consumed during the plant
(foreground) processes. Totals of 0.03 kWh and 1.13 kWh per cubic meter were consumed
at the RLWTP and SJWTP, respectively. This was compared to similar sustainability and
energy-consumption studies of water treatment systems which reported approximately
0.07 kWh [68], 0.38 kWh [69], 0.51 kWh [70], and 1.0434 kWh [71] per cubic meter of treated
water production. This analysis highlights the significant role of energy consumption in
the treatment process, which necessitates a judicious approach to resource allocation.

When translated into GHG emissions, 0.31 kg of CO2 was emitted from RLWTP opera-
tions and 0.92 kg of CO2 was emitted from the SJWTP operations. These emissions were
per cubic meter of treated water produced, accounting for foreground and background
processes including the electricity consumed during the plant operations. The 99.18%
difference in the CO2 emissions from both systems was due to the high-intensity distribu-
tion mechanism. Specifically, 0.61 kg of CO2 was emitted for every cubic meter of treated
water pumped through the distribution system. With a daily production of 79,500 m3, the
estimated daily CO2 emissions can range up to 48,996.64 kg from the distribution pumps
only. The detrimental impacts of CO2 emissions on global warming and climate change are
well documented [72]. This substantial environmental footprint necessitates a thorough
assessment of potential mitigation strategies.

Additionally, the distribution process of treated water also significantly contributed to
acidification, smog, ozone depletion, metal depletion, and other eco-toxic impacts [5,52].
Environmental impacts resulting from the distribution network, e.g., pipelines, storage
tanks, etc., were not included in this study. Still, it can be projected that accounting for the
distribution infrastructure will further contribute towards the environmental emissions
and reveal a compromised water quality at the tap.

The other important aspect in terms of high environmental impacts is the treatment
and disposal of solid and water waste produced by the treatment process. A significant
impact is caused by the nutrients, metals, and organic waste transmitted to the environ-
ment through untreated waste disposal. For instance, up to 68% of eutrophication and
acidification impacts were reported by [73] as being from the effluent produced at sim-
ilar systems. Both the RLWTP and SJWTP directly discharge sludge and water waste
into the receiving environment, underscoring the critical need for rigorous waste man-
agement strategies to safeguard both environmental quality and public health [74]. A
total of 16.04039 CTUh.m3.yr of freshwater eco-toxicity, 0.00042 kg P-eq of freshwater
eutrophication, and 0.00376 kg N-eq of marine eutrophication per functional unit were
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calculated based on the sludge quantity and characteristics. When projected over a year, the
phosphorus and nitrogen loadings can amount up to 122.74 kg/m3 and 105,623.7 kg/m3,
respectively. These values are comparable to nutrient loading rates in highly eutrophic
environments, leading to enhanced sludge production. In our study, on one hand, a high
eutrophication potential and energy feed to the plants can lead to higher operational and
environmental costs [61] and, on the other hand, this may be a resource for the energy-
intensive production of phosphorus-containing chemical fertilizers [62]. Similarly, back-
wash water that already has less environmental impact may be ascribed as a sustainable
resource retrieval if done sludge-free. The advancements in treatment technologies have
undeniably enhanced the quality of effluents, but have also led to a substantial upsurge
in sewage sludge production [75]. Direct sludge disposal carries the potential risk of soil
contamination from organic and inorganic contaminants, pathogens, and virulence factors,
including ARGs [76,77]. On the other hand, dehydrated or treated sludge is viewed as a
resource with nutrients and organic matter, presenting potential utility as a fertilizer in
agriculture or an organic enhancer in the restoration of contaminated sites [78].

Tracing the background processes (chemicals and materials) and mapping the exact
inventory flows is as important as defining the system processes themselves [79]. The
limitation in mapping the background processes is due to the unavailability of data specific
to the study regions. For example, this study was conducted for plants in the South Asian
region of the world. The precise processes for extraction, manufacturing, and transportation
of chemicals and materials are seldom documented. Therefore, most of the time, the LCA
models are based on assumptions or pre-defined inventory datasets. Even when using
pre-defined inventories from foreign sources, the default energy and transportation flows
were substituted with the local energy and transportation flows to maintain a constant
baseline while using the default allocation values [80].

Furthermore, the choice of the most appropriate characterization model is also critical;
the reason being the variation in the characterization factors and impact pathways for
different models [81]. While the different characterization methods are discussed in the
Lifecycle Impact Assessment section, the primary reason for selecting the EF 1.0.8 method
for this study was to accurately map the inventory data for the most important background
process, i.e., electricity generation. The EF 1.0.8 method also adequately translated the
other inventory flows to their respective impact categories. Even so, when comparing to
other methods (TRACI, ReCiPe), there is a distinct difference in the characterization factors,
plus the TRACI method includes a broader flow library. The objective of this study is not to
compare the characterization factors for different methods. Still, the variation in the impact
factor values is interesting and should be observed when using multiple methods.

Lastly, when developing a holistic picture of the entire system’s sustainability, it is
recommended to consider all of the possible impacts and the respective pathways listed in
Table S10. Now, because each impact category is tied to a specific inventory flow, develop-
ing a list of emissions (air, water, land) with precise allocations is equally important. This is
only possible with an accurate catalog of the main processes (foreground), associated pro-
cesses (background), and sub-processes (further background processes). Nevertheless after
reviewing the literature on the LCA of water treatment systems, meticulously completing a
lifecycle inventory analysis, and compiling the assessment results, it appears that the most
prominent environmental impacts are for the global warming and eutrophication impact
categories only [82]. Furthermore, most LCA studies have identified these impacts from
the production and supply chain of the resources (electricity and chemicals) used at the
treatment plant. To support this argument, the most relevant examples are from previous
work [1,16,23,25,46], where the high environmental impact is identified from the nature of
the energy source and the production of the coagulant chemical. The cradle to gate LCA of
10 alternative water treatment plants [83] further confirmed that the most prominent and
noteworthy contribution to the environmental impact is from the chemical and electricity
consumption during the plant operation. Furthermore, these impacts are actually from the
electricity generation and chemical manufacturing and transportation, and they are not
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directly related to the operation of the plant itself; rather they can be contributed to the use
quantities, which are therefore referred to as off-site emissions.

The emissions generated on-site during the operation of the water treatment sys-
tem [84–86] stem from chemical reactions such as alkalinity consumption by coagulants in
mechanical mixing processes (e.g., rapid mixing and flocculation) [1] and are calculated
based on the emissions factors for the type of coagulant used.

In summation, while this study provides valuable insights into the energy consump-
tion and associated environmental impacts of water treatment systems, it is imperative to
expand the assessment scope to encompass the broader implications for environmental
health. This would include a comprehensive evaluation of potential impacts on water
quality, air quality, ecosystem health, and human well-being. Such a holistic approach is
instrumental in providing a comprehensive overview of water treatment systems’ overall
sustainability, environmental impact, and implications for public health. Future studies
should aim to integrate these facets to develop a nuanced understanding of the environ-
mental health considerations associated with water treatment systems.

5. Conclusions

In conclusion, this comprehensive assessment of two water treatment plants, the
RLWTP and the SJWTP, conducted under maximum operational capacity and principal
treatment methods, sheds light on critical factors influencing treatment process efficiency
and environmental impacts. Notably, the real challenge is the proper implementation
of monitoring and sampling programs. The forefront processes, particularly electricity
consumption, emerged as the primary drivers of environmental impacts, revealing a note-
worthy disparity between the plants. While the RLWTP and SJWTP exhibited distinct
energy consumption patterns of 0.03 kWh and 1.13 kWh per cubic meter, respectively, the
ensuing greenhouse gas emissions showed a significant influence of distribution mecha-
nisms, accounting for a 99.18% difference. Moreover, the treatment and disposal of solid
and water waste presented significant environmental ramifications, emphasizing the need
for proper waste management strategies.

Furthermore, this study highlights the critical importance of a thorough background
process evaluation, acknowledging the challenges of acquiring region-specific data. The
choice of characterization model, exemplified by the adoption of the EF 1.0.8 method,
played a pivotal role in accurately depicting the inventory data, especially for electricity
generation. While our research promotes a holistic consideration of all conceivable impacts,
it emphasizes the dominant influence of global warming and eutrophication, rooted in the
production and supply chain of key resources. The on-site emissions generated during
water treatment operations were predominantly attributed to chemical reactions, highlight-
ing the need for tailored emission factors for coagulant usage. Considering these findings,
this study provides valuable insights into the sustainability of water treatment systems,
emphasizing the imperative of informed decision-making and targeted interventions to
mitigate environmental footprints.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su152316172/s1, Figure S1: Process design and treatment schematic
of Rawal Lake Water Treatment System. The treatment process train with unit process details are
listed in notes adjacent to each process. Red dashed lines represent sludge and waste flows while
black solid lines represent water flows. Modified after [37]. Figure S2: Process design and treatment
schematic of Sang-Jani Water Treatment System. The treatment process train with unit process details
are listed in notes adjacent to each process. Red dashed lines represent sludge and waste flows
while black solid lines represent water flows. Modified after [37]. Table S1: Environmental emission
pathways relevant to the LCA of the water treatment studies; Table S2: Data types and sources
indicating the quality and authenticity of inventory dataset; Table S3: Characteristic parameters for
raw and treated water and sludge for the study systems; Table S4: Electricity consumption in kWh per
m3 for unit processes at the study water treatment plants; Table S5: Transport distances for chemicals
and materials used at the study plants; Table S6: Environmental impact categories and measurement
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units for each category for the EF characterization method; Table S7: Lifecycle impact and percentage
contribution for electricity generation option most applicable to the Pakistan electricity grid mix;
Table S8: Mid-Point hot-spot analysis from the environmental life cycle impact assessment of study
water treatment plants. The blue bars represent horizontal correlation. The heat map colors represent
vertical correlation; Table S9: End-Point hot-spot analysis from the environmental life cycle impact
assessment of study water treatment plants; Table S10: Lifecycle environmental impact assessment
and the characterized impacts for all the possible pathways.
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