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RESUMO

In recent years, water utilities have been under pressure to increase
the efficiency of their processes, mainly due to the decrease in water
availability and the need to increase environmental sustainability
in their processes. Leak reduction is clearly an important part of
sustainable management in the water industry, and its impacts
should be assessed with a broader environmental protection
objective. This study aimed to present an environmental and energy
assessment of the water supply system (WSS) in Caruaru City,
northeast of Brazil, for different levels of water loss. This research
is one of the first to assess the environmental impacts of a WSS in
Latin America. Primary data adopted for preparing the inventory
were provided by the water utility, and modeling and analysis were
performed with the SimaPro 8.0° program. Cumulative energy
demand (CED) was used to track the energy consumption of the
system’s life cycle. Greenhouse gas (GHG) emissions were calculated
through the IPCC GWP 100a method with emissions expressed as
CO,-Eq. The data sets from life-cycle inventories were used from
the Ecoinvent 3.1 database. Four scenarios with different levels
of water loss were analyzed. Scenario SO was represented with
the real conditions of the system, whereas the others considered
hypothetical indices. The percentages proposed for Scenarios S1,
S2, and S3 were based on indices that indicate good loss rate in
the distribution network for the Brazilian reality (25%), reduction
by half of loss rates, and excellent loss rates for the water pipeline
system (5%) and distribution network (10%). The analysis of the
processes’ contributions showed that the electricity consumption

Nos ultimos anos, as concessionarias de agua tém sofrido pressdo
para melhorar a eficiéncia de seus processos, principalmente por
causa da diminui¢do da disponibilidade hidrica e da necessidade de se
aumentar a sustentabilidade ambiental de seus processos. A redugao de
vazamentos é claramente uma parte importante do manejo sustentavel
no setor de 4gua, e seus impactos devem ser enfrentados com uma
visdo mais ampla de protecdo ambiental. Este estudo tem como
objetivo apresentar uma avaliagdo ambiental e energética do sistema de
abastecimento de agua da cidade de Caruaru, Nordeste do Brasil, para
diferentes niveis de perda de agua. Esta pesquisa é uma das primeiras a
avaliar os impactos ambientais de um sistema de abastecimento de dgua
na América Latina. Os dados primarios adotados para a preparagdo do
inventario foram fornecidos pela concessiondria de agua, e a modelagem
e analise foram realizadas com o programa SimaPro 8.0°. A demanda
acumulada de energia (CED) foi usada para rastrear o consumo de
energia do ciclo de vida do sistema. As emissOes de gases de efeito
estufa foram calculadas pelo método IPCC GWP 1002, com emissGes
expressas como CO,—Eq. Os conjuntos de dados dos inventarios de ciclo
de vida foram usados do banco de dados Ecoinvent 3.1. Analisaram-se
quatro cenarios com diferentes niveis de perda de dgua. O cenario SO
representou as condigdes reais do sistema e os demais consideraram
indices hipotéticos. Os percentuais propostos para os cendrios S1, S2 e
S3 foram baseados em indicadores que apontam: bom indice de perdas
na rede de distribuicdo para a realidade brasileira (25%), redugdo pela
metade dos indices de perdas e excelentes indices de perdas no sistema
hidraulico (5%) e rede de distribuicdo (10%). O consumo de energia
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Analysis of the water—energy—greenhouse gas nexus in a water supply system in the Northeast of Brazil

of the pumping systems of water mains represented the greatest
environmental impact in all scenarios. The most efficient scenario
would result in a 52% reduction in the emission of GHGs,
demonstrating that the increase in the hydraulic efficiency of the
distribution networks represents a significant opportunity to reduce
the environmental impacts of the processes.

Keywords: water supply system; environmental impact; water loss;
hydraulic efficiency; greenhouse gas emissions.

elétrica dos sistemas de bombeamento das adutoras apresentou o
maior impacto ambiental em todos os cendrios estudados. O cendrio
mais eficiente resultaria em redugdo de 52% na emissdo de gases de
efeito estufa, demonstrando que o aumento da eficiéncia hidraulica das
redes de distribuicdo representa uma oportunidade significativa para
reduzir os impactos ambientais dos processos.

Palavras-chave: sistema de abastecimento de dgua; impacto ambiental;
perda de dgua; eficiéncia hidraulica; emissGes de gases de efeito estufa.

Introduction

Water, energy, and greenhouse gas (GHG) emissions are intercon-
nected and have complex interactions (Nair et al., 2014; Thiede et al.,
2016; Chhipi-Shrestha et al., 2017). The integration of water and ener-
gy interdependence processes in water systems improves the under-
standing of the trade-offs between these resources in management and
politics (Escriva-Bou et al., 2018). Current water and energy resource
crises are expected to increase progressively because of population
growth and future climate change. Energy efficiency interventions can
contribute considerably to reducing water use, reducing GHG emis-
sions, and meeting climate-related mitigation goals. Understanding
and modeling the complex nature of the interconnections between wa-
ter and energy is essential for the efficient use of these resources (Ba-
sheer and Elagib, 2018). The energy use and GHG emissions associated
with water management are poorly understood and have only partially
been considered in water management and planning (Rothausen and
Conway, 2011).

The global community is looking for new approaches and solutions
for adapting to climate change and the challenges of increased water
and energy consumption brought about by development. The nexus
between energy and water is dynamic. Actions in one area generally
have impacts on both, with profound economic, environmental, and
social implications (Rasul and Sharma, 2016). The importance of the
interdependence between water and energy is widely recognized.
The world’s energy security depends on the availability of water, as al-
most all energy production technologies (e.g., nuclear, thermoelectric,
and hydroelectric) require large amounts of water (Nair et al., 2014),
whereas water systems need energy for their processes.

Predominantly, water-energy-GHG emissions nexus has been
studied regarding political and regulatory challenges and their interac-
tion with food supply, climate change, growth, and the right to water.
From a modeling perspective, this nexus has been studied using var-
ious technical and economic approaches, mainly considering co-pro-
duction facilities as the coupling components between water and ener-
gy networks (e.g., Chhipi-Shrestha et al., 2017; Escriva-Bou et al., 2018;
Oikonomou and Parvania, 2018; Zahraee et al., 2020).

Nair et al. (2014) highlighted the importance of modern thinking
in relation to the increase in water supply, emphasizing that the search

for water sources must consider measures that contribute to the mitiga-
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tion of global warming, reducing energy consumption and GHG emis-
sions. The climate system is largely regulated by the global balance of
water and energy and its spatial and temporal variations, which involve
the flow of energy and water within this system, besides exchanges with
outer space and surface (Zhou et al., 2015). These flows are intrinsical-
ly interconnected, largely due to the characteristics and properties of
water and energy. Water is essential for most energy-generation pro-
cesses, while energy is indispensable in the distribution of water for
different uses. On average, approximately 80% of the energy consumed
by water supply systems (WSS) is spent to transport water from springs
to consumers (Jeong et al., 2018; Oikonomou and Parvania, 2018).
In Brazil, the sanitation sector uses roughly 2% of the country’s total
electricity consumption, equivalent to more than 11 billion kWh/year.

Over the last decades, due to the decrease in water availability, the
need for environmental sustainability, and the increase in energy costs,
Brazilian water utilities are being subjected to pressure to increase the
efficiency of their processes. In contrast, most WSS have high levels of
water loss. In developing countries, utilities are used to operating with
high volumes of losses. The aging of systems, combined with failures in
loss management in utilities, results in loss rates well above acceptable.
To minimize the problem, the management of supply systems must in-
volve multiple actions that include the control of real and apparent losses,
including active leakage control, pressure management, elimination of
illegal use of water services, educational campaigns, implementation or
replacement of water meters, and rehabilitation of distribution networks.

Although water losses are inherent in all WSS, the high rates of
infrastructure deterioration and operational deficiency considerably
aggravate the problem. The aging of systems, combined with failures in
loss management in utilities, results in loss rates well above acceptable.
Lost water includes not only the value of water as a limited resource but
also the added value of the treatments to make water potable (e.g., ex-
penses with chemicals for treatment), the cost of operating distribution
services (e.g., cost of energy), and the social impact of leaks that may
prevent the provision of sufficient supply services to customers (Der-
cole et al., 2016). The high rates of loss result in greater water extraction
and increase the consumption of electricity for the collection, trans-
portation, treatment, and disposal of water to consumers. Each cubic
meter lost directly results in wasted energy, which in turn increases

GHG emissions.
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Activities that aim to reduce the volume of water abstraction can ef-
fectively generate their own environmental impacts, namely, the result
of the works, equipment, and infrastructure used (Pillot et al., 2016).
Leak reduction is clearly an important part of sustainable management
in the water industry, and its impacts should be assessed with a broad-
er environmental protection objective. In this regard, the life-cycle as-
sessment (LCA) can provide more comprehensive analyses of the en-
vironmental issues associated with loss from WSS. Recently, this type
of assessment is taking on a more prominent role in the formulation of
environmental and sustainable development policies. Renowned insti-
tutions, such as the World Resource Institute, adopt the concept of life
cycle in the evaluation of processes, and there is an increasing number
of actors defending the reduction of the environmental impact associ-
ated with global consumption.

LCA methodology is a well-established and standardized analyt-
ical method to quantify environmental impacts, which has been ap-
plied to products or services (Jacquemin et al., 2012; Kjaer et al., 2018;
Pefia et al., 2021). The ISO 14040-14044 (ISO, 2006a, 2006b) standards
demonstrate the methodological procedures for implementing the tool
and analysis. This approach allows a comparison of different manage-
ment systems in the sector and, through the identification of the most
impactful phases, provides suggestions for improving environmental
performance of goods and services (Bartolozzi et al., 2018). LCA is a
versatile environmental tool that can be adapted for different uses in
the water industry.

LCA can include the different phases of the urban water cycle,
including the abstraction, treatment, transmission, distribution, con-
sumption, and, in some cases, the collection, treatment, and disposal

of wastewater (Meron et al.,, 2016). It has been used to analyze several
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urban water systems, including water treatment and distribution sys-
tems, and wastewater processing. Studies have focused on distribution,
proposing predictive maintenance strategies or analyzing the selection
of materials. The state of the art concentrates numerous works based
on LCA for the analysis of WSS, with an emphasis on the comparison
of the impacts caused by different sources or types of systems (Garfi
etal., 2016; Li et al., 2016; Ghimire et al., 2017; Jeong et al., 2018; Hsien
etal., 2019).

LCA studies on Brazilian WSS are still incipient, and the databases
available for assessing environmental impacts are rare. Carrying out
local work with a regionalized approach due to the peculiar charac-
teristics of the different regions of the country, such as climatic con-
ditions, production factors, productive systems, management systems,
and waste recycling, is important. Therefore, given the fact that the
application of LCA in the country is relatively a new field, a significant
scarcity of studies available in the literature is noticeable.

In urban water management, LCA is considered the most domi-
nant and appropriate method for assessing environmental impacts. In
this context, the objective of this study was to evaluate the environmen-
tal and energy impacts of the life cycle of WSS in Caruaru City, Per-
nambuco State, for different levels of water loss, using system-specific
data. Energy intensity and GHG emissions were selected as the major

measurements for the water-energy—-GHG emissions nexus.
Materials and Methods
Characterization of the study area

Caruaru City (Figure 1) is in the northeast of Brazil, about 130 km
from Recife, capital of Pernambuco State (PE), Brazil. The region is
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Figure 1 - Study area.
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characterized as having a semi-arid climate, with hot, dry summers
and mild winters. Its municipal headquarters has an average annual
temperature of 22.7°C. The city’s population surpasses 350,000 inhabi-
tants, spread over a territorial area of 921 km?.

Water supply in Caruaru City is provided by Companhia Pernam-
bucana de Saneamento (Compesa), which is a Brazilian company that
holds the concession of basic sanitation services in Pernambuco State.
At present, the municipality can be supplied by the Jucazinho and Pra-
ta reservoirs, which are located on the Capibaribe and Una rivers, re-
spectively, both in Pernambuco State. In 2016, Caruaru was supplied
only by Prata’s water system, because the reservoir of Jucazinho, which
has a capacity of 202 million m® and was the city’s main source of water,
collapsed in November 2016 (Santana et al., 2019).

The Prata reservoir was built in 1998, has a cumulative capacity
of 42.1 million m?, and is in Bonito City (PE). It is inserted in the hy-
drographic basin of the Una river, whose drainage area is 151 km’.
The Prata pipeline system has three raw water pumping stations (Es-
tagdes Elevatérias de Agua Bruta — EEAB) and is responsible for sup-
plying Petrépolis and Salgado Water Treatment Plants (WTPs). Table 1
shows the characteristics of the pumping stations of the water pipe-
line system, whereas Table 2 shows the electrical energy consumed by
them. The average flow of the system is about 700 L/s.

According to information from the local service provider, the
pumping stations that supply Caruaru City are among the 10 largest
consumers of electric energy in Pernambuco State, demonstrating
the importance of conducting energy efficiency studies in these units.
Petrépolis and Salgado WTPs adopt the conventional treatment sys-
tem composed of the following steps: clarification (fast mixing/coagu-
lation, slow mixing/flocculation, decantation and filtration), disinfec-
tion, pH correction, and storage. In 2016, WTPs treated a total volume
of 19.4 million m? chlorine and aluminum sulfate are the chemicals
used (Table 3).

The methodological structure of the LCA included the definition
of objectives and scope, inventory analysis, impact analysis, and in-
terpretation. The process cycle, on the other hand, includes the sub-
systems: water abstraction, transmission, treatment, and distribution.
Four scenarios were proposed for WSS of Caruaru with different water
loss rates to assess the energy intensity and, consequently, the system’s
GHG emissions. Scenario SO was represented with the real conditions
of the system, whereas the others considered hypothetical indices.
The percentages proposed for Scenarios S1, S2, and S3 were based on
indices that indicate good loss rate in the distribution network for the
Brazilian reality (25%), reduction by half of loss rates, and excellent
loss rates for the water pipeline system (5%) and distribution network
(10%). The evaluated scenarios were as follows:

« Scenario SO: corresponds to the real scenario; that is, this scenar-
io adopts the current operating conditions of the pipeline system
(loss rate of 12.19%) and the water distribution network (loss rate
of 54.09%) in 2016;

o Scenario S1: corresponds to the situation in which the loss rate of
the producing system remains unchanged and admits a reduction
of water loss in the water distribution network to the value of 25%;

o Scenario S2: admits a 50% reduction in the water loss index of the
producing system and the water distribution network;

o Scenario S3: establishes a reduction in the loss rate to 5% in the wa-
ter pipeline system and admits a loss rate in the water distribution
network of 10%.

Life-cycle assessment

LCA was based on the International Organization for Standard-
ization (ISO) 14040 series, which included definition of objectives and
scope, inventory analysis, impact analysis, and interpretation.

Table 2 - Energy consumption of the EEAB of the Prata pipeline system
(base year 2016).

EEAB ID EEABI EEAB II EEAB III

Annual consumption

Table 1 - Characteristics of the EEAB of the Prata pipeline system (base year 2016). (kWh) 11,075,296 11,755,225 14,525,677
Specific energy
Water origin Prata reservoir EEAB-01 EEAB-02 consumption (kWh/m?) 0-50 0.53 066
Wat.er . EEAB-02 EEAB-03 W,TP . Cost (BRL) 3,442,404.52 3,618,753.72 4,451,792.25
destination Petrépolis
Number of
pumping 8 Gz 9 sz 8o 1 i) Table 3 - Annual consumption of chemical products used in Salgado and
SpsitEme Petropolis WTPs.
Rated motor 750 750 750 WTP Chlorine (kg/year) Aluminum sulfate (kg/year)
power (cv)
WTP Salgado 59,400 333,150
Flow rate (L/s) 325 450 357
head WTP Petropolis 144,000 879,140
Pumping hea
(m) %8 % 130 Total 203,400 1,212,290
15
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GHG emissions were calculated as per the IPCC GWP 100a meth-
od (IPCC, 2013), with emissions expressed as CO2-Eq. per cubic me-
ter of water distributed. The life-cycle inventory (LCI) was compiled
with the Ecoinvent 3.1 database, available in the SimaPro® 8.0 software.
This database is commonly adopted in the literature (e.g., Jeong et al.,
2015; Pillot et al., 2016; Buyle et al., 2019; Esnouf et al., 2019; Duarte
and Silva, 2020; Valencia-Barba et al., 2020). Cumulative energy de-
mand (CED) (also called “primary energy consumption”) was used to
track the electricity consumption of the system’s life cycle. The Brazil-
ian electrical matrix was adopted in this study.

The SimaPro® software, faculty version, which has a large database
and impact assessment methods, was used to build the LCI. This soft-
ware has been widely applied by several researchers (e.g., Uche et al.,
2015; Garfi et al., 2016; Rodriguez et al., 2016; Pokhrel et al., 2020; Ra-
sul and Arutla, 2020; Trinh et al., 2020), as it allows creating a mod-
el of the studied system, inserting the inventory (manually or using
databases), and calculating impacts using different life-cycle impact
assessment methods.

The LCA aims to understand the process-based life-cycle model
based on actual data from a WSS, so that utility managers can make tar-
geted decisions; the importance of analyzing the environmental impacts
associated with the cradle-to-gate life cycle of a system with different
rates of water loss; and the environmental and energy impacts of WSS.
Figure 2 shows the system limit of the LCA model. The processes begin
with water collection in the Prata reservoir and end with distribution to
consumers, excluding all subsequent phases (e.g., water use; and sewage
collection, treatment, and discharge). The study considers the electric-
ity consumption of the subsystems and the use of chemicals from the
treatment plant, which included the processes of flocculation, sedimen-
tation, filtration, adsorption, treatment, and primary disinfection.

The functional unit was defined as a 1 m? of drinking water distrib-
uted. In the literature, this functional unit is widely adopted for LCA in
WSS (Jeong et al., 2015; Uche et al., 2015; Garfi et al., 2016; Rodriguez
et al., 2016; Hsien et al., 2019; Meron et al., 2020). Primary inventory
data were provided by Compesa. In parallel, technical visits to the site
and periodic discussions were carried out with the company’s techni-
cians, in order to ensure the correct use of data. Electricity consump-

tion and chemical products were inventoried, according to the system

GHG emissions

GHG emissions

g 5

boundary. For chemical processes, data were taken from the Ecoinvent
3.1 database. The infrastructure was excluded from the LCI, as it is not
directly impacted by the reduction of water loss (i.e., the existing pipes
will not be replaced by smaller pipes due to the reduction of water
loss). For applying the LCI, the collected data were processed to quan-
tify GHG emissions and the CED for all evaluated processes.

The consumption of electricity from the pumping stations, the
Sector Units of Petropolis and Salgado WTPs, and the distribution of
water to Caruaru City (Pernambuco State) were inventoried. Table 4
shows the data on the electricity consumption of the evaluated subsys-
tems. The characterization factors allow to quantitatively compare the
contribution of each elementary flow to the impact category indicator.
The Impact Category for electric energy was Global Warming Potential
(GWP), the class that represents the relevant environmental issues to
which the results of the life-cycle impact assessment can be associated,
that is, the IPCC method, 100-year horizon, was chosen for the study,
considering the IPCC GWP 100 category. Cumulative Energy Demand
V1.09 was used for energy charges.

The chemicals used in water treatment mainly consist of prod-
ucts for disinfection, coagulation, and flocculation. The manufacture
of chemical products requires energy and, therefore, produces GHG
emissions. The use of these products was determined using the raw data
provided by Compesa. The energy required to manufacture the chem-
icals was determined using values published in the literature and was
combined with chemical usage data to establish the energy intensity
incorporated in the values for each chemical. With the type and quan-
tity of chemical products used in kg/m?® of treated water, the amount of
carbon dioxide equivalent (CO2-Eq.) was obtained from the system,

directly from the Ecoinvent 3.1 database. This international database

Table 4 - Electricity consumption of WSS in 2016.

Electricity consumption (kWh/year)

Abstraction and transmission 37,356
Treatment 3,828.
Distribution 14

Total 41,199

GHG emissions

£
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Figure 2 - Flowchart of the border of the evaluated system.
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gathers elementary components, such as existing material, energy, pro-

cesses, transports, and equipment. Input of resources and materials

came from internal data of the water utility and was processed with the
databases category IPCC GWP 100-year method.

The requirements considered in the life-cycle impact assessment
were as follows:

« Temporal coverage: The collected data correspond to 2016; the
spreadsheet contains monthly data of this year;

+  Geographic coverage: The Prata reservoir is located in Bonito City,
whereas the WTPs and the water distribution network are in Caru-
aru City;

« Technological coverage: This included raw water pumping stations,
Petrépolis and Salgado WTPs, and water distribution network;

+ Representativeness: The data for the study were acquired and col-
lected at the operating site of the units under study, from internal

company reports, satisfactorily reflecting the studied system.

Results and Discussions

Impacts of water loss on the WSS in Caruaru City (Pernambuco
State), considering the water—energy-carbon nexus, were evaluated
for each proposed scenario. Table 5 shows the water volume in each
phase of the system. The great expansion of the city’s water demand in
recent years combined with the region’s water scarcity has spurred the
search for distant sources of supply, which makes the supply extremely
energy intensive.

The energy consumption of Caruaru’s WSS varied from 1.98 to
2.13 kWh/m?, being higher than the specific energy consumption of
Pernambuco’s (0.29 kWh/m?), the Northeast’s (0.33 kWh/m?), and
Brazil's WSS (0.42 kWh/m?) (SNIS, 2018). The process contribution
analysis indicates that the electricity used for water supply was the
main contributor to the categories of environmental impact. This study
found that the system has a higher energy consumption than other sys-
tems in the United States. Arpke and Hutzler (2006) focused on the
GWP energy consumption of water systems in the United States and
reported that direct electrical consumption ranges from 0.32 to 1.43
kWh/m? whereas studies conducted in Cincinnati (Xue et al., 2019)
and Atlanta (Jeong et al., 2018) resulted in 1.25 and 0.62 kWh/m?,

Table 5 - Water volume at each stage of WSS.

Volume (m?)

Scenario .
Abstraction and
. S Pistribution
transmission
SO

22,075,200 19,383,485 19,383,485
S1 13,512,912 11,865,688 11,865,688
S2 12,990,038 12,198,295 12,198,295
S3 10,408,498 9,888,073 9,888,073

17

respectively. Given these results, the importance of adopting water
demand management actions as an alternative to reduce the system’s
energy consumption is highlighted.

WTPs had an energy demand of 0.223 KWh/ m?, which is less than
the values presented by Arpke and Hutzler (2006), 0.11-0.66 kWh/m?,
and Xue et al. (2019), 0.38 kWh/m?. WTPs had the lowest GHG emis-
sions (0.124 kg of CO2-Eq./m?) because energy consumption is small
and the content of chemical agents’ requirements for water potability
had a low impact. The chemical element with the greatest impact was
aluminum sulfate, which represented 37.1% of emissions. This fact was
also presented in the study by Mohamed-Zine et al. (2013), who esti-
mated that the greatest environmental burden results from the prepa-
ration of coagulants (> 30% for all impacts). In this study, data related
to the chemicals were analyzed using the Ecoinvent 3.1 database. Infor-
mation may not accurately represent the Brazilian reality. Preparing an
inventory with Brazilian data is thus highlighted.

The assessment and interpretation of impacts represents the fourth
phase of the LCA. According to the proposed methodology, the energy
consumption of the life cycle was tracked with the CED method, with
the quantification of impacts of WTPs’ chemical products quantified
based on the data from Ecoinvent 3.1. The energy intensity of subsys-
tems in water abstraction and transmission, treatment, and distribu-
tion resulted in 1.750, 0.223, and 0.0007 kWh/m?, respectively. In all
the analyzed stages of WSS, the greatest impacts are related to electric-
ity consumption. The results are similar to those found in studies by
Lemos et al. (2013), Mohamed-Zine et al. (2013), Igos et al. (2014), Ro-
driguez et al. (2016), and Xue et al. (2019), who assessed the environ-
mental profile of the water sector based on the LCA in different regions
and stated that the greatest impacts of these systems are attributable to
energy consumption.

It is noteworthy that energy consumption and GHG emissions are
strongly influenced by intrinsic characteristics of the systems (e.g., dis-
tance from water sources to consumers, topography of the region) and
by the management models adopted by water utilities (e.g., efficiency
in loss management). In addition, utilities located in more developed
countries have more financial resources to improve the infrastructure
of their systems, which generally allows for better conditions to in-
crease energy efficiency.

Figures 3 and 4 show the estimate of environmental and energy im-
pacts of the system for each scenario, respectively. Water loss was found
to have significantly influenced the results. Scenario SO represents the
real operating conditions of Caruaru’s WSS for 2016. In 2016, the
system was estimated to have emitted more than 11.5 million kg of
CO2-Eq. The high values are corroborated with the study by Pillot et al.
(2016), whose results indicated that the main source of impact of WSS
is the energy consumed in water abstraction and transmission (pump-
ing). Therefore, local geography and distance from water source to

WTPs are important aspects and must be considered when designing
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Figure 3 - Cumulative energy demand for the evaluated scenarios.

the urban water cycle. The water distribution network had an insignif-
icant contribution to the impacts, as pipeline interventions were not
considered, and the local topology allows for distribution by gravity
(practically all the supply of treated water is carried out by gravity).
GHG emissions, considering the impact category chosen in the
IPCC 100-year method, were 0.54 kg of CO2-Eq. for each cubic meter
of water distributed in Scenario SO. The results were compatible with
those by Meron et al. (2016), who stated that the GWP varies between
0.16 and 3.4 kg of CO2-Eq./m* of water supplied. Water abstraction
and transmission stage was responsible for the GHG emissions of
0.42 kg of CO2-Eq./m?, the treatment of 0.12 kg of CO2-Eq./m?, and
the distribution of 0.0002 kg of CO2-Eq./m?. The low emission in dis-
tribution can be justified due to the low use of energy for pumping
compared to the water pipeline system, which requires a high energy
due to the topographic conditions of the water pipeline system of the
Prata river. This is also justified by Rodriguez et al. (2016), who demon-
strated that the topographic conditions of WTP location significantly
influenced results. In that study, WTP presented a less favorable to-
pology, emitting 0.38 kg of CO2-Eq./m’, of which 86% corresponded
to the prolonged consumption of energy during the pumping process.
In Scenario S1, the current operating conditions of the water pipe-
line system (loss rate equal to 12.19%) remain unchanged, whereas
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there is a reduction in the loss rate in the water distribution network
to 25%. Results for this scenario estimated total emissions of 7.10 mil-
lion kg of CO2-Eq. per year, a 38.8% reduction when compared to SO.
According to Dercole et al. (2016), even a small increase in operational
efficiency can result in significant savings for water utilities.

In Scenario S2, by reducing the system’s water loss index by 50%
in relation to the value for 2016, there would be a reduction in the
CED and GHG emissions of 40.7 and 40.3%, respectively. Scenario S3
is the one that considers the greatest reduction in water loss and, con-
sequently, the best hydraulic and energy efficiency. It establishes a loss
rate of 5% for the water pipeline system and admits a water loss rate in
the water distribution network of 10%. The results showed a reduction
of more than 50% in demand and emissions in Scenario S3 compared
to SO, which corroborates the statement by Basheer and Elagib (2018),
who highlighted that efficiency interventions in the sanitation sector
can contribute considerably to reduce water use, decrease emissions,
and meet climate-related mitigation goals.

To develop more environmentally responsible and sustainable
WSS, the environmental implications of water loss must be incorpo-
rated into planning decisions. Pillot et al. (2016) demonstrated that the
reduction of real water loss is clearly beneficial for ecosystems, human

health, and the preservation of resources.
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Figure 4 - GHG emissions (kg of CO2-Eq.) of the evaluated scenarios.

Conclusions

In a context of increasing water scarcity worldwide, the reduction
of water loss is a key object to guarantee sustainable water manage-
ment. In view of the hydrological conditions in which the northeast of
Brazil is inserted, this region needs an even more effective position to
combat the reduction of loss in WSS. The water-energy-carbon nexus
arises from a perspective of water and energy security and environ-
mental sustainability.

LCA was used to estimate the environmental and energy impacts
of a WSS in the northeast of Brazil for different levels of losses, present-
ing utility managers with a tool that can include eco-efficiency values
from project design, through implementation and finally to operation.
This work is another study that highlights the importance of incorpo-
rating effective measures to control water losses in the management of
systems, since these actions are expressively positive for water utilities
and for the environment. The most efficient scenario evaluated showed
a reduction in the CED and in the GHG emission higher than 50% in
relation to the 2016 operating conditions.

Water pipeline is responsible for most of the GHG emissions
and electricity demand, as it has the largest pumping stations in the
system. In the water treatment phase, the chemical element with the
greatest impact was aluminum sulfate, which accounted for 37% of
environmental charges. Data related to the chemicals were analyzed
with the Ecoinvent 3.1 database in this present study. Information

in this database may not accurately represent the Brazilian reality.
Therefore, the importance of collecting specific data for water treat-
ment in Brazil is evident. The water distribution network has a low
environmental and energy impact, as the water supply is carried out
almost completely by gravity.

This study highlights the importance of incorporating LCA
into other impact assessment tools to assist decision-making by
managers, since most studies in the sanitation sector involve only
wastewater treatment systems. LCA confirms that the environ-
mental benefits of reducing both water and energy loss will in-
crease as the efficiency of the system increases. Results show that
improvement actions in the hydraulic efficiency of the distribu-
tion network and in the energy efficiency of pumping systems are
clearly positive for the environment. Increasing the efficiency of
these systems represents a significant opportunity to reduce elec-
tricity consumption, increase water availability, and reduce GHG
emissions.

Finally, it is recommended for future research works to include ac-
tions to control water losses in the LCA of WSS. The reduction of loss-
es generates its own environmental impacts, notably the results of the
works to implement the actions, equipment, and infrastructure used
for this purpose. This broader assessment can be used to establish at
what point loss reduction is no longer effective in mitigating the envi-

ronmental impacts of the systems.
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