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ABSTRACT
Applying life cycle assessment (LCA) to water distribution networks (WDNs) usually requires considerable 
reliable data, and neglecting specific parts could significantly affect the reliability of results. In this paper, 
a comprehensive life cycle inventory dataset was collected to evaluate the environmental burdens 
associated with the construction and renovation stages of WDNs. The aim is to explore the effects of 
the availability of primary and secondary data on the LCA results based on analysis of uncertainties. The 
results indicate the importance of considering road construction processes, especially for small-to- 
medium-sized plastic pipes. Although recovering energy from the incineration of plastic pipes partially 
compensates for the impacts at the end of life, these incineration processes significantly affect the global 
warming potential. Finally, this study demonstrates that without considering all known information (e.g., 
network data), reliable LCA for WDNs can be performed, providing suggestions on which data to focus on 
in data collection process.
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Introduction

An urban water system (UWS), as one of the key infrastructures 
in urban areas, is composed of several parts including a water 
treatment plant (WTP), a water distribution network (WDN), 
a wastewater collection (WWC), and a wastewater treatment 
plant (WWTP). Currently, UWSs are facing increasingly complex 
challenges such as climate change and population growth 
(UNESCO 2012). The world’s population is expected to reach 
8.5 billion in 2030, 9.7 billion in 2050, and 10.9 billion in 2100 
(UN DESA 2019), which will lead to growing domestic, agricul
tural, and industrial water demands. Therefore, it is necessary to 
construct new systems and to renovate obsolete UWSs. 
Accordingly, the sustainability of UWS infrastructure must be 
assessed by determining environmental potentials within the 
construction and renovation stages of UWSs by carrying out 
detailed life cycle assessment (LCA). LCA as a standardized 
method (ISO 2006) has proven its applicability for the environ
mental evaluation of different life cycle stages of UWSs such as 
construction, operation, and end of life (Loubet et al. 2014). LCA 
calculates the corresponding emissions of materials and energy 
involved in a product or process with regard to impact cate
gories (e.g., global warming potential and toxicity).

1.1 Background

In some studies, LCA has been conducted for entire UWSs and 
operation stages have been evaluated from an environmental 
perspective (García-Sánchez and Güereca 2019; Godskesen 
et al. 2013). Xue et al. (2019) assessed the life cycle environ
mental and economic impacts of the UWS of Greater Cincinnati 

in the United States. They indicated that 41% of global warm
ing potential and 43% of energy consumption of the entire 
UWS were related to the operation and maintenance phase of 
the WDN. In contrast, some researchers have only focused on 
specific parts of UWSs, such as WWTPs (Awad, Alalm, and El- 
Etriby 2019; Garfí, Flores, and Ferrer 2017), WDNs (Sanjuan- 
delmás et al. 2014; Piratla et al. 2012), and WWCs (Morera 
et al. 2016; Vahidi et al. 2016), to elucidate the significance of 
inventory data and compare the environmental impacts caused 
in different LCA phases. Risch et al. (2015) conducted 
a comprehensive LCA for sewer systems and WWTPs consider
ing the construction and operation phases. The results demon
strated the great contribution of sewer systems (especially their 
construction phase) to the environmental impacts of urban 
wastewater systems. Vahidi et al. (2016) analyzed different 
pipe materials for two types of sewer systems (gravity systems 
and systems with lifting stations) and highlighted the impacts 
of pipe manufacturing in gravity systems. The impacts of trench 
materials, installation machinery, and road construction were 
neglected in that study, whereas Risch et al. (2015) indicated 
the importance of environmental burdens associated with cli
mate change and terrestrial acidification for civil works and 
bituminous paving in sewer systems. In addition, Petit-Boix 
et al. (2014) showed that the environmental impacts of the 
installation phase for WWCs in small-to-medium-sized cities 
could be considerable, as they could reach up to 80% of the 
total effects in some impact categories.

Focusing on the pipes in WDNs, environmental effects 
derived from various phases of WDNs have been investigated 
in the literature. For instance, Piratla et al. (2012) investigated 
carbon dioxide emissions of pipe materials in different phases. 
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They concluded that the amount of CO2 emissions released in 
the production phase of polyvinyl chloride (PVC) pipes was 
higher than that associated with ductile iron (DI). However, in 
other publications, the impacts of the production of 200 mm DI 
pipes regarding the global warming category were found to be 
around four to six times higher than those associated with PVC 
pipes (Sanjuan-delmás et al. 2014; Hajibabaei, Nazif, and 
Sereshgi 2018).

1.2 Problem statement

Various conclusions in the aforementioned literature were 
mostly based on the different types of data collected regarding 
the time and available budget. Performing LCA is strongly 
dependent on the availability of life cycle inventory data, 
which has been a serious challenge not only for LCA of UWSs 
but also in other LCA applications (Miah et al. 2018). Generally, 
conducting LCA requires two types of data: 1) foreground 
(primary) data, which are measured or collected from specific 
companies or parties; and 2) background (secondary) data, 
which refer to the data that can be found in the literature and 
databases (ILCD 2010; Klöpffer and Grahl 2014). Applying LCA 
to WDNs requires the collection of large amounts of primary 
and secondary data, which is time-consuming and costly. In 
addition, primary data collection depends on the data owners’ 
willingness to share information. Besides, the lack of availability 
of reliable data for LCA enforces constraints on the goals and 
scope of the studies (Opher and Friedler 2016). To fill this 
research gap, a systematic investigation exploring the effects 
of the availability of data on the environmental assessment of 
WDNs is needed. It is worthwhile to mention that reliability in 
the context of LCA refers to verified (e.g., official statistics) or 
unverified data (e.g., personal information), which can consid
erably affect the accuracy of results (Frischknecht et al. 2007).

1.3 Aim of the study

This article aims to conduct a comprehensive LCA for WDNs to 
highlight hotspots and investigate the effects of considering 
different qualities of primary and secondary data on the results. 
The findings of this research provide suggestions on which data 
to focus on in the data collection process for reliable LCA of 
WDNs, especially when extensive data collection is necessary. 
In other words, the results indicate to what extent conducting 
reliable LCA for WDNs is achievable if some inventory data for 
the LCA or even for parts of networks are missing. That makes it 
possible to perform LCA of WDNs with incomplete data to 
identify the potential targets for environmental improvements.

1.4 Objectives

To achieve the aim of this study, the following specific objec
tives were formulated to conduct comprehensive LCA for the 
construction and renovation of WDNs:

● Providing a detailed inventory of materials, energy, and 
machinery used for different phases of construction and 
renovation;

● Comparing the environmental impacts of WDN pipes in 
10 diameter classes, considering two design pressures for 
the lifespans of 25 and 50 years;

● Identifying the most relevant data for LCA of WDNs and 
therefore the least amount of data needed for reliable LCA 
in the construction phase;

● Investigating the possibility of conducting LCA of WDNs 
with (partly) unknown data, based on uncertainty ana
lyses and Monte Carlo simulations.

To attain these goals, a state-of-the-art data set including 
uncertainty bandwidths was assembled. In addition to the 
general LCA data, other types of inventory (e.g., road construc
tion, pipe laying, hydrostatic testing, and incineration of old 
pipes), which have been neglected in most previous studies, 
were considered in this research.

2. Materials & methods

In this study, LCA was applied to evaluate the environmental 
impacts of WDNs. Based on the methodology proposed by the 
International Organization for Standardization (ISO 2006), LCA 
was executed through the four following steps: (1) system 
boundaries and functional unit definition; (2) life cycle inven
tory analysis; (3) life cycle impact assessment; and (4) uncer
tainty analysis and scenarios.

2.1 System boundaries and functional unit definition

The system boundaries comprised materials and activities car
ried out in the construction and renovation stages. The opera
tion stage was excluded, as its impacts are mainly site-specific 
compared with other stages (Petit-Boix et al. 2014). For WDNs 
equipped with pumping stations, the environmental impacts of 
the operation phase mostly depend on the pumping energy, 
which is influenced by several factors such as topography and 
the efficiency of the pumps (Sanjuan-delmás et al. 2014) or 
even the energy mix. In addition, for gravity-driven water net
works, operation impacts are mainly caused by pipe breaks, 
which have minor environmental effects compared with those 
derived from the construction stage (Hajibabaei, Nazif, and 
Sitzenfrei 2019). Therefore, the system boundaries defined in 
this study were focused on the different phases in the construc
tion and renovation stages to provide more general detailed 
data for WDNs.

Figure 1 depicts the defined phases in each stage of the 
system boundaries. The construction stage consists of four 
phases including production, transportation, pipe installation, 
and road construction (see Figure (a)). Figure 1(b) shows the 
processes and materials considered in each phase. For instance, 
in the production phase of high-density polyethylene, pipes are 
manufactured using raw materials (polyethylene) and extruder 
machine (manufacturing process). In the installation phase, 
based on the material and diameter of the pipes, gravel and 
sand, as well as several types of machinery, are used in the 
piping process. Then, in the road construction phase, the 
effects of asphalt placement are considered. The transportation 
phase comprises the transportation of pipes, trench materials, 
and asphalt materials to the site. Additionally, transportation of 
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extra soil excavated from the installation site to the landfill is 
considered in this phase.

As shown in Figure 1(a), for the renovation stage of plastic 
pipes, five phases are defined: production, installation (i.e., 
trench deconstruction and installation of new pipes), road 
construction, incineration, and transportation. The production 
phase is the same for both the renovation and construction 
stages. The installation phase requires breaking the previous 
asphalt, excavating the trench, extracting the previous pipe, 
and installing the new pipe (see Figure 1(b)). Then, new asphalt 
is constructed on top of the trench in the road construction 
phase. In the incineration phase, extracted pipes are trans
ported to the incineration plant to recover energy. The trans
portation phase of the renovation stage comprises the 
following steps:

● Transportation of new pipes and trench materials to the 
installation site,

● Transportation of the removed pavement and extra soil 
from the installation site to the landfill,

● Transportation of old pipes to the incineration plant, and
● Transportation of new asphalt materials from the plant to 

the site.

In addition to the system boundaries, the functional unit is 
defined in the first step of LCA. A functional unit, as a quantified 
description of the function of a system (Arzoumanidis et al. 
2020), provides a reference, based on which all the inputs and 
outputs are defined. In this study, the functional unit was 
defined as the construction and renovation of one meter of 
infrastructure required for WDNs with a life span of 50 years.

2.2 Life cycle inventory (LCI) analysis

In this step, all the inputs and outputs required for LCA of 
a system (e.g., materials, processes, and emissions) are quanti
fied based on the collected data. For this purpose, in each 
phase, the inventory data related to three different types of 
pipe, including ductile iron (DI), polyvinyl chloride (PVC), and 
high-density polyethylene (HDPE), were collected in 10 differ
ent diameter classes ranging from 80 to 600 mm. Most of the 
pipe data were collected from factories and the Tehran 
Province Water and Wastewater Company (TPWWC 2019) in 
Iran. Several techniques, such as completing questionnaires, 
conducting interviews, and visiting sites, were employed to 
collect data on materials, energy, and processes leading to 
environmental impacts. In addition, the ecoinvent database, 
which offers international LCI data, was used for modeling sub- 
processes of the data (ecoinvent 2019). Out of these gathered 
data, a state-of-the-art LCI dataset with the uncertainty band
widths was compiled for the LCA of WDNs. A summary of the 
LCI data for each phase can be found in the Supplementary 
Information (SI).

The effects of material extraction, production processes, and 
lining/coating of pipes were evaluated in the production phase 
of pipes. Considering a standard trench (SI, Figure S1), gravel 
and sand were chosen as bedding materials in the installation 
phase (AWWA 2003). Therefore, for this phase, the effects of 
bedding materials, as well as the piping process, including 
excavation, pipe placing, backfilling, compacting, etc., were 
investigated (see Figure 1(b)). The machinery utilized for the 
installation of pipes (SI, Tables S16–21) was modeled based on 
the producer and secondary data and the ecoinvent database 

Figure 1. Stages and phases considered in the system boundaries.
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(Gschösser, Wallbaum, and Adey 2014; Atlas 2011; ecoinvent 
2019; Caterpillar 2001; Weber 2010; Wirtgen Group 2010). For 
the transportation phase, transport vehicles were modeled 
using the ecoinvent 3.5 database. The road construction 
phase comprised LCI data for the production and construction 
of standard asphalt pavement with a width of 7.5 m in two 
lanes (Gschösser, Wallbaum, and Boesch 2011; Gschösser, 
Wallbaum, and Adey 2014). The details and inventory data for 
the production and construction of one square meter of the 
asphalt pavement are provided in the SI (Table S22). The effects 
of the incineration phase were analyzed based on a standard 
incineration power plant. This plant is located in the southern 
part of Tehran with an area of 22,600 m2 and a capacity of 
3 MW. The plant has two lines of electricity generation, and the 
incinerators operate under international standards (Nabavi- 
Pelesaraei et al. 2017). The emissions released from the incin
eration process and the electricity production were modeled 
using the ecoinvent 3.5 database.

2.3 Life cycle impact assessment

In this step, to evaluate the magnitude and significance of 
impacts, the input and output quantified in the LCI (second 
step) were sorted, characterized, and aggregated to different 
environmental indicators. For this study, using the LCA soft
ware SimaPro 9.0 (Pré Consultants 2019), which includes the 
ecoinvent 3.5 database, the environmental impacts were eval
uated. In this context, environmental impacts refer to the 
adverse or beneficial effects resulting from products, activities, 
and services used for the construction and renovation of WDNs. 
The CML-IA method V4.7 developed by the Center of 
Environmental Science of Leiden University (CML-IA 
Characterisation Factors 2016) was used for the life cycle 
impact assessment. The impact categories of global warming 
potential (GWP; kilogram CO2 equivalents), ozone layer deple
tion (OLD; kilogram CFC-11 equivalents), photochemical oxida
tion (PO; kilogram C2H4 equivalents), acidification potential (AP; 
kilogram SO2 equivalents), and eutrophication potential (EP; 
kilogram PO4

3− equivalents) were chosen. Additionally, non- 
renewable cumulative energy demand (CED, MJ equivalents) 
V1.11 was selected to investigate the direct and indirect energy 
sources consumed throughout the life cycles of the WDNs. 
Supplementary to this, to more easily compare between differ
ent scenarios, Eco-indicator 99 was applied, in which environ
mental impacts were classified, normalized, and weighted to 
a dimensionless number (point) (Pre’ Consultants 2014). In this 
study, the results were mostly interpreted based on the GWP 
and CED indicators to allow comparison with other studies. 
However, environmental burdens associated with other indica
tors are presented in the SI.

2.4 Uncertainty analysis and scenarios

To investigate the effects of neglecting parts of the data on the 
LCA results, the environmental impacts of two case studies were 
evaluated based on two scenarios. In the first scenario, the LCI 
data with effects of less than 10% of the total impacts of each 
phase were overlooked by investigating each phase based on 
the Eco-indicator. In the second scenario, it was assumed that the 

network data of the WDNs were not available. To determine the 
lengths and diameters of the networks’ pipes, DynaVIBe-Web 
(Mair, Rauch, and Sitzenfrei 2014) was used. This web-based 
application uses the strong correlation between street networks 
and water supply networks, and based on free available street 
map data, possible WDNs can be generated (Sitzenfrei 2016). To 
generate what are called semi-virtual WDNs, a digital elevation 
model of the region, the supplied area, and the total water 
demand are the required inputs (SI, Figure S6).

In the next step, the environmental impacts of scenarios 
composed of (partly) incomplete data were compared with the 
impacts of networks with the complete LCI data. To account for 
the uncertainties of the LCI data and evaluate the reliability of the 
results, Monte Carlo simulations were performed using the 
SimaPro software. In LCA context, uncertainty derived from 
input data used to create inventories is generally known as 
parameter uncertainty. Uncertainty throughout the LCI data 
can be described by a specific distribution characterized by 
a standard deviation (Goedkoop et al. 2008). Therefore, to calcu
late the standard deviation for every LCI entry, the pedigree 
matrix approach proposed by ecoinvent (Frischknecht et al. 
2007) was applied based on seven factors (i.e., reliability, com
pleteness, temporal correlation, geographical correlation, further 
technological correlation, sample size, and basic uncertainty). 
Subsequently, the Monte Carlo simulation was executed, in 
which a random value was taken from the uncertainty distribu
tion of each LCI data point, and the LCA result was then calcu
lated. This procedure was repeated 1,000 times, and the results 
formed a probability distribution for each scenario. Comparing 
different distributions created for the scenarios made it possible 
to investigate the influence of neglecting parts of the data on the 
LCA results. Based on the proposed procedure, reliable sugges
tions on which data to focus on for LCA of WDNs, especially 
when extensive data collection is necessary, can be provided.

3. Results & discussion

3.1. Environmental impacts associated with the 
construction stage

Figure 2 shows the environmental burdens for the construction 
stage of three pipes with the design pressure of 10 bar. The values 
of all the environmental indicators for 200 and 400 mm pipes are 
presented in Table 1 as examples. The results of other indicators 
for all 10 different diameters can be found in the SI file (SI, Tables 
S35-43). As shown in Figure 2(a), the road construction phase of 
the plastic pipes with small diameters (e.g., 110 mm) has 
a significantly higher impact on the CED compared with the 
other phases. This is mostly because of the environmental burdens 
of bitumen as an energy-intensive petroleum refining product 
(Santero, Masanet, and Horvath 2010). The amount of raw materi
als required for the production of HDPE 400 mm with a design 
pressure of 10 bar is 13 times greater than that required for 
110 mm pipes, whereas the materials needed for asphalt place
ment on the top of the 400 mm trench are approximately 1.6 
times greater than that needed for 110 mm pipes. Therefore, for 
HDPE pipes with a diameter of 400 mm, the production phase 
plays a significant role with contributions of 65% and 67% to the 
GWP and CED indicators, respectively. In addition, the abundant 
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materials and energy required for the manufacturing of DI pipes 
make the production phase of DI the highest-impact phase. For 
instance, Table 1 indicates that the emissions from the production 
of DI and PVC pipes with a diameter of 400 mm regarding the 
GWP category are 363 and 84.6 kg CO2 equivalents, respectively. 
Thus, according to Figure 2(a), the production phase of 400 mm DI 
contributes more than 80% to the GWP. Generally, as shown in 
Figure 2(a), by increasing the pipe diameter, the contribution of 
the production phase is rapidly increased, which leads to reducing 
the environmental contribution of road construction.

However, the environmental impacts of the installation phase 
can also be considerable, especially for plastic pipes with small 
diameters (less than 110 mm). For example, the CO2 emission 
associated with the installation of 90 mm PVC pipe with a design 
pressure of 10 bar is 6.3 kg (SI, Table S43), which is approximately 
1.5 times greater than that associated with the production phase. 
In summary, Figure 2(b,c) indicate that the total environmental 
burden of DI pipes in the construction stage is higher than those 
of PVC and HDPE pipes.

The environmental contributions of different phases for the 
pipes with a design pressure of 6 bar can be found in the SI (SI, 
Figure S2). In these pipes, the production phase has less con
tribution in comparison with the pipes with a design pressure of 
10 bar. For instance, as shown in Figure 2(a), for PVC pipes with 

a diameter of 400 mm (10 bar), around 60% of the impacts within 
the GWP indicator are associated with the production phase, 
whereas for the same pipe but with a design pressure of 6 bar, 
this amount is around 50%. These differences are mainly derived 
from the amount of raw materials and energy consumed over 
the production phase. As an example, one meter of PVC 400 mm 
pipe (10 bar) is made of 32 kg of polyvinyl chloride, whereas for 
manufacturing this pipe with a design pressure of 6 bar, 21 kg/m 
of raw material is required (see SI, Table S5–6).

Figure 3 provides information on the environmental burdens 
associated with the construction of 1 m of HDPE and DI in terms 
of the GWP indicator. In this figure, line thickness represents the 
environmental loads caused by each process and material. 
Because many processes are involved in the construction 
phase, only the contributions of materials and processes with 
impacts greater than 4% of the total effects are indicated in this 
figure. As shown in Figure 3(a), for the HDPE pipe with 
a diameter of 200 mm, 34.4% of the total impacts are related 
to the raw materials, whereas the manufacturing process (extru
sion), with 7.4% of the overall impacts, has a minor effect on the 
GWP indicator. However, according to Figure 3(b), more than 
40% of the impacts within the GWP are attributed to the man
ufacturing process of DI. Generally, it can be concluded that 
unlike DI pipes, raw materials have more significant influences 

Figure 2. Environmental impacts for 1 m of WDN construction (design pressure of 10 bar).
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on the environmental impacts of the production phase of plastic 
pipes. Therefore, unavailable data in this phase can significantly 
influence the results. For instance, focusing on the materials and 
neglecting part of the energy required for pipe manufacturing, 
Piratla et al. (2012) concluded that the CO2 emissions from the 
embodied energy of PVC were higher than those associated with 
DI pipes, which contrasts with the findings of other research 
(Sanjuan-delmás et al. 2014; Hajibabaei, Nazif, and Sereshgi 
2018).

3.2. Environmental impacts associated with the 
renovation stage of plastic pipes

The environmental impacts of PVC and HDPE pipes in the 
renovation stage are shown in Figure 4. Analyzing the contri
bution of each phase indicates that similar to the construction 
stage, road construction is the primary source of impact with 
small-diameter pipes. Bitumen as a resource-intensive product 
is the main factor responsible for increasing the impacts of this 
phase. For example, for the CED indicator with 200 mm PVC, 
around 41% out of 53% of the environmental effects of road 
construction are related to the production of 13 kg of bitumen 
(SI, Figure S3). Thus, only 12% of the impacts are associated 
with other materials (gravel, sand, limestone, etc.) and the 
energy consumed during the construction of asphalt 
pavement.

As indicated in Figure 4, the recovery of electricity in the 
incineration phase cannot play a role in the reduction of the 
GWP indicator. Although a reduction in the GWP indicator 
associated with energy recovery has been reported in some 
studies (Turconi et al. 2011), it was attributed to the different 
types of materials (municipal solid waste) burned in the incin
erators. In this study, the significant contributions of the incin
eration phase to the GWP are attributed to the chemical 
compositions released during the incineration of plastic solid 
waste. Burning plastic waste such as PVC and HDPE pipes leads 
to emissions of volatile organic compounds, polycyclic aro
matic hydrocarbons, sulfur oxides, and large amounts of green
house gases, which increase the GWP (Al-Salem, Lettieri, and 
Baeyens 2009; Antelava et al. 2019). The heating value of the 
incineration of HDPE is 41.84 MJ/kg, which is two times greater 
than that of PVC (Morera et al. 2016). Therefore, as shown in 
Figure 4(a), the energy recovery from burning HDPE pipes can 
offset the adverse effects of incineration impacts associated 
with the CED indicator.

To make a comparison between the environmental impacts 
of the construction and renovation stages of HDPE pipes, Monte 
Carlo simulations were performed for three diameters. To do so, 
based on the defined standard deviation for each LCI, 1,000 
Monte Carlo runs were executed to form the uncertainty dis
tribution. For all of the environmental indicators, Figure 5 shows 
the probability that the environmental impact of the renovation 

Table 1. Environmental indicators of different phases in the construction stage (1 m of WDN, design pressure = 10 bar).

Indicator Unit Pipe material Diameter (mm) Production Transportation Installation Road construction Total impacts

GWP kg CO2 eq/m PVC 200 2.14E+01 5.38E+00 9.78E+00 2.10E+01 5.75E+01
400 8.46E+01 8.91E+00 1.75E+01 2.80E+01 1.39E+02

DI 200 1.46E+02 6.05E+00 1.20E+01 2.10E+01 1.85E+02
400 3.63E+02 1.04E+01 1.99E+01 2.80E+01 4.21E+02

HDPE 200 2.63E+01 5.42E+00 1.02E+01 2.10E+01 6.29E+01
400 1.05E+02 9.10E+00 1.81E+01 2.80E+01 1.60E+02

OLD kg CFC-11 eq/m PVC 200 4.53E-07 9.91E-07 1.45E-06 1.03E-05 1.32E-05
400 1.75E-06 1.65E-06 2.64E-06 1.38E-05 1.98E-05

DI 200 1.11E-05 1.12E-06 1.86E-06 1.03E-05 2.44E-05
400 2.75E-05 1.93E-06 3.08E-06 1.38E-05 4.63E-05

HDPE 200 4.03E-07 1.00E-06 1.52E-06 1.03E-05 1.33E-05
400 1.60E-06 1.68E-06 2.74E-06 1.38E-05 1.98E-05

PO kg C2H4 eq/m PVC 200 3.69E-03 8.74E-04 2.60E-03 6.43E-03 1.36E-02
400 1.46E-02 1.45E-03 4.56E-03 8.58E-03 2.92E-02

DI 200 6.43E-02 9.82E-04 3.04E-03 6.43E-03 7.48E-02
400 1.60E-01 1.69E-03 5.04E-03 8.58E-03 1.75E-01

HDPE 200 7.68E-03 8.81E-04 2.68E-03 6.43E-03 1.77E-02
400 3.05E-02 1.48E-03 4.67E-03 8.58E-03 4.52E-02

AP kg SO2 eq/m PVC 200 6.89E-02 2.09E-02 5.91E-02 1.10E-01 2.59E-01
400 2.73E-01 3.46E-02 1.08E-01 1.47E-01 5.62E-01

DI 200 8.64E-01 2.35E-02 7.62E-02 1.10E-01 1.07E+00
400 2.15E+00 4.04E-02 1.26E-01 1.47E-01 2.46E+00

HDPE 200 9.57E-02 2.10E-02 6.22E-02 1.10E-01 2.89E-01
400 3.80E-01 3.53E-02 1.12E-01 1.47E-01 6.74E-01

EP Kg PO4
3− 

eq/m
PVC 200 1.73E-02 4.87E-03 1.57E-02 1.97E-02 5.76E-02

400 6.85E-02 8.08E-03 2.85E-02 2.63E-02 1.31E-01
DI 200 4.81E-01 5.48E-03 1.96E-02 1.97E-02 5.26E-01

400 1.20E+00 9.41E-03 3.27E-02 2.63E-02 1.27E+00
HDPE 200 1.70E-02 4.91E-03 1.64E-02 1.97E-02 5.80E-02

400 6.75E-02 8.24E-03 2.94E-02 2.63E-02 1.31E-01
CED GJ eq/m PVC 200 5.59E-01 8.77E-02 1.47E-01 9.29E-01 1.72E+00

400 2.21E+00 1.46E-01 2.63E-01 1.24E+00 3.86E+00
DI 200 1.70E+00 9.90E-02 1.82E-01 9.29E-01 2.90E+00

400 4.22E+00 1.71E-01 3.00E-01 1.24E+00 5.93E+00
HDPE 200 8.74E-01 8.84E-02 1.53E-01 9.29E-01 2.04E+00

400 3.47E+00 1.49E-01 2.71E-01 1.24E+00 5.13E+00
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stage is higher (A ≥ B) or lower (A < B) compared with the 
construction stage. For large diameters such as 400 mm, 
because of the electricity recovered by the incinerators, the 
renovation stage shows lower impacts than the construction 
stage in the OLD, PO, and CED indicators. For example, for 
HDPE with a diameter of 400 mm, the possibility that the impact 
in terms of the OLD indicator in the renovation stage is lower 
than that in the construction stage is 69%. Generally, it can be 
concluded that by increasing the pipe diameters of HDPE pipes, 
the probability of obtaining more benefits in terms of the OLD, 
PO, AP, and CED indicators from recovering energy increases. 
However, compared with the construction stage, some extra 
processes such as removing old pavement, incinerating old 
pipes, and transporting additional materials are needed in the 
renovation stage. These extra materials and activities lead to 
more emissions of greenhouse gases, nitrogen dioxide, nitrogen 
oxide, and sulfur oxides. Therefore, as shown in Figure 5, those 
extra processes increase the probability of higher impacts in the 
renovation stage in terms of the GWP and EP indicators com
pared with the construction stage.

3.3. Influence of life span of pipes on environmental 
impacts

In WDNs, various factors such as operational (e.g., pressure 
management and installation conditions), environmental 
(e.g., temperature and soil moisture), and pipe-intrinsic factors 
(e.g., diameter and quality of materials) can influence the life 
span and failure rate of water pipes (Sanjuan-delmás et al. 
2014; Barton et al. 2019). Because these factors vary for differ
ent cases, few reliable data can be found for the actual life 
span of water distribution pipe materials. Sanjuan-delmás 
et al. (2014) assumed a life span of 50 years for assessing the 
environmental impacts of 200 mm DI pipe with a design 
pressure of 10 bar. In addition, some studies have considered 
average life spans of PVC and HDPE to be 25 ± 5 and 
40 ± 10 years, respectively (Morera et al. 2016). In this study, 
based on the information obtained from the TPWWC and pipe 
producers (TPWWC 2019), average life spans of 25 years, 
50 years, and over 50 years were adopted for PVC, HDPE, 
and DI pipes, respectively.

ManufacturingMaterials

(a)

Materials Manufacturing

(b)

Figure 3. Contribution of each process in terms of the GWP indicator for construction of 1 m of WDN (impacts > 4% of total effects) with: (a) HDPE 200 mm, (b) DI 
200 mm.
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Figure 6(a) indicates that the differences between the 
environmental impacts in terms of the GWP indicator are not 
considerable in the construction stage of small plastic pipes. 
DI pipes are the most impactful pipes with all different dia
meters in terms of the GWP. For example, during the construc
tion of one meter of 200 mm DI pipe (10 bar) in the 
production, transportation, installation, and road construction 
phases, around 184 kg CO2 eq is released, which is approxi
mately three times greater than the amount associated with 
plastic pipes. This fact is due to the higher environmental 
impacts of the production phase of DI (Table 1) compared 
with those of the other pipe materials. Figure 6(b) shows that 
the differences between the environmental burdens of DI and 
plastic pipes in terms of the CED are less compared with 
Figure 6(a). This issue can be explained by the large amount 
of energy required for the raw materials in the production 
phase of plastic pipes, especially HDPE pipes, which is 
reflected in the CED indicator.

With the replacement of PVC pipes after 25 years, Figure 6(c) 
shows that although PVC pipes have more significant impacts 
than HDPE pipes, the effects in terms of the GWP of DI pipes 
(10 bar) are still higher than those of PVC. Figure 6(e,f) show the 
environmental effects caused by the construction of pipes plus 
two renovations for PVC pipes and one renovation for HDPE 

pipes. As shown in Figure 6(d,f), the renovation of PVC after 25 
and 50 years makes it the highest-impact material in terms of 
the CED indicator.

Figure 6 demonstrates that considering the different life 
spans for pipe materials can turn them into the options with 
the highest or lowest impacts. Several studies have been con
ducted based on LCA to identify the best or worst pipe materi
als (Piratla et al. 2012; Du et al. 2013; Vahidi et al. 2016; 
Hajibabaei, Nazif, and Sitzenfrei 2019). However, it can be con
cluded from Figure 6 that considering several factors such as 
life span, design pressure, and diameter can significantly affect 
the environmental burdens of different pipe materials. 
Therefore, a specific pipe material cannot be generally pre
sented as the most environmentally impactful pipe for WDNs.

3.4. Effects of availability of various types of data on LCA 
of WDNs

In this section, the effects of the availability of the various 
types of data on the environmental impacts of the construc
tion phase are investigated. For this purpose, two WDNs 
located in the southern part of Tehran, Iran, were chosen as 
case studies. The first is a network with a pipe length of 
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Figure 4. Environmental impacts for 1 m of WDN renovation (design pressure of 10 bar).
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73.74 km, a supply area of 413.1 ha, and 115,000 inhabitants, 
and was built around 31 years ago (Network 1). The majority of 
the network’s pipeline is made of DI (90%), and the percen
tage of PVC, HDPE, and steel pipes combined is 10% of the 
total length. The second network, with an average age of 
20 years, supplies water to an area of 955.56 ha with a popula
tion of 195,000 (Network 2). This WDN is composed of 
212.37 km of pipes including DI (62%), HDPE (30%), steel 
(5.5%), and PVC (2.5%). The length and diameter of each 
type of pipe, as well as the number of valves in the networks, 
are presented in the SI (SI, Table S44).

First, using the assembled dataset and calculated impacts 
based on the functional unit (one meter), the environmental 
burdens associated with the construction stage were calcu
lated. Then, running Monte Carlo simulations, the probability 
distributions in terms of the GWP, CED, and Eco-indicators were 
formed (blue curves in Figure 7). For instance, Figure 7(a) shows 
that the 95% confidence interval for the impacts associated 
with the GWP of Network 1 is between 9 � 106 and 11.4 �
106 kg CO2 eq. Applying the first scenario and neglecting the 
data with impacts of less than 10% of the total effects of each 
phase, every phase was investigated separately. For example, in 
the installation phase of 1 meter of DI pipe with a diameter 
greater than 200 mm, only the contributions of bedding mate
rials and diesel were more than 10% of the total effects (SI, 
Figure S5). Therefore, the effects of backfilling, excavation, and 
compacting were overlooked. Applying this approach to each 
pipe material resulted in overlooking around 40% of the LCI 
data for the case studies. As illustrated in Figure 7, the prob
ability distributions for this scenario (red curves) are still com
parable with the networks analyzed with the complete data. 

This result conveys the crucial message that when the time for 
data collection is limited, by neglecting a portion of the LCI 
data, reliable LCA for the construction stage of WDNs is still 
achievable.

In the second scenario, the lengths and diameters of pipes 
were determined using DynaVIBe-Web. For this scenario, pipe 
materials were the only property that needed to be defined to 
perform the LCA. Pipe materials were determined based on 
the period of construction of the WDNs. For instance, in the 
period of construction of Network 1, DI with the diameter 
range of 80 to 500 mm was a common material, and pipes 
with larger and smaller diameters were usually made of steel 
and plastic pipes, respectively. In contrast, Network 2 is 
a grown network (SI, Figure S4) that was extended around 
ten years ago, and because HDPE pipes have been commonly 
used for new networks in that period of time, it was assumed 
that newly constructed parts were made of HDPE pipes. Figure 
7(a,c,e) show that for Network 1, the probability distributions 
of the second scenario depict suitable results compared with 
the real network, and there is not much change in the skew
ness values and means of the distributions. For example, the 
mean values of the distributions in terms of the CED of 
Network 1 for the real case and the generated network 
(Figure 7(c)) are 1.71 � 108 and 1.73 � 108 MJ, respectively. 
Figure 7 indicates that although the distributions of the gen
erated network for Network 2 are more shifted to the sides 
compared with Network 1, the results are still comparable 
with the real case. The differences between environmental 
impacts of the generated network and the real one for 
Network 2 are related to the assumptions made about the 
pipe materials in the grown areas.
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Figure 5. Monte Carlo simulations for comparing the environmental impacts of the construction and renovation stages.
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4. Conclusions & recommendations

In this study, using a comprehensive LCI dataset, the environ
mental impacts of construction and renovation of WDNs were 
evaluated. The main finding of the study are as follows:

● Analyzing materials and processes showed the impor
tance of considering the effects of asphalt placement on 
the environmental impacts of WDNs. For example, regard
ing the CED indicator, the environmental burdens asso
ciated with the road construction phase are higher than 
the total impacts of the transportation and installation 
phases.

● In the production phase of DI pipes, as the most impactful 
phase, the manufacturing process plays a role in the 
environmental impact, whereas the production phase of 
plastic pipes is significantly affected by the impacts of raw 
materials. This finding highlights the significance of pay
ing more attention to collecting data related to the mate
rials of plastic pipes for future studies.

● Although the incineration of plastic pipes in the renova
tion stage has adverse effects on the GWP and EP indica
tors, recovering energy could offset some impacts for 
pipes with large diameters. For instance, regarding GWP, 
the environmental effect of the incineration phase of 
400 mm HDPE is 40% of the total impact, whereas 

recovering energy from this phase compensates around 
5% of the effects in the CED.

● Investigating the influence of neglecting parts of data on 
the LCA results indicated that with partly incomplete LCI 
data and focusing on the processes and materials with the 
stronger effects, environmental evaluation is still mean
ingful. In the second scenario (generated network), the 
proposed method showed suitable results for the case 
studies. For example, the differences between the 
means of the distributions in terms of the Eco-indicator 
in the real case studies and generated networks are 2.2% 
and 5.3%, respectively.

This study proposed comprehensive LCI data collection for 
the impact assessment of three pipe materials. However, for 
future studies, following up by composing complete inven
tory data for other pipes (e.g., asbestos cement, steel, and 
concrete) is suggested to explore the actual amounts of data 
needed for reliable LCA based on different pipe materials. 
Additionally, an in-depth analysis should be conducted to 
investigate the effects of the availability of data on the LCA 
results for the operation stage. For potential future research, 
holistic LCA for various study areas is recommended to inves
tigate the effects of topology, pressure of the system, and 
socioeconomic factors on environmental impacts. It may also 
be of interest to evaluate the environmental effects of new 
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installation methods such as trenchless technology to explore 
potential for environmental improvement.
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