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With increasing attention to global warming and greenhouse gas (GHG) emissions and

providing a better environment for coming generations, there is a critical need to quantify

and decrease the environmental impact. Underground construction projects are one of

the biggest constructions in North America; consequently, it is one of the GHG emissions’

primary sources. This research focused on optimizing the carbon dioxide (CO2) emissions

for a 91 cm (36 in) diameter sewer pressure pipe with 3m (10 ft) depth and 30m

(100 ft) length, operating at 690 kPa (100 psi) during the commonly used pipeline

materials’ life cycle: Cured-in-Place Pipe (CIPP), Pre-stressed Concrete Cylinder Pipe

(PCCP), High-density polyethylene (HDPE) pipe, and Polyvinyl Chloride (PVC) pipe. The

life operations for this study were considered 100-years. The four phases of a pipeline life

cycle included in this study are fabrication, installation, operation, and disposal phases.

Life cycle assessment (LCA) is a methodology to evaluate the environmental impacts

of products or service systems throughout the complete life cycle from the cradle to

the grave. The study results show that the CO2 emissions have been reduced by 16%

on the PCCP pipe, 4% on PVC pipe, 1% on HDEP pipe, and by 3.2% and 2.0% on

CIPP lining (50 years and 100 years life expectancy, respectively). It is recommended

that field studies be conducted in future research to obtain the necessary data to

overcome the dependence on assumptions made in this study. Also, I recommended

including the direct and social costs, which will make the decision easier for engineers

and decision-makers to choose the right choice.

Keywords: life cycle analysis (LCA), carbon emissions, embodied energy, trenchless technology (TT), sustainable

pipe materials

INTRODUCTION AND BACKGROUND

The sewer pipeline system is the basic urban infrastructure for public sanitation. The
United States (US) has 1.93 million kilometers (1.2 million miles) of water supply mains,
and there are nearly an equal number of sewer pipes, 26 kilometers of sewer pipe for every
kilometer of interstate highway (Bartlett et al., 2017). More than one million pipes in the
U.S. need to be replaced (American Water Works Association, 2014a). Now, as a system
across the country requires critical repairs and upgrades, no one can argue the importance
of water and sewer services in maintaining public health, protecting the environment, and
promoting economic development (Alsadi et al., 2020b). Urban water and wastewater system are
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fundamental infrastructures in the development of new
residential and commercial area, and as well are very important
for high quality of life and strong urban economy. New pipelines
are typically installed using open-cut technology or trenchless
technology (i.e., pipe jacking, horizontal drilling, horizontal
auger boring, etc.) or rehabilitated with trenchless methods
such as cured-in-place pipe (CIPP), slip-lining, or pipe bursting.
Force mains are pipelines that carry wastewater under pressure
from the discharge side of a pump to a discharge point. Force
mains are built from various materials and come in a wide
range of diameters. The factors that impact the choice of the
pipe material are operating pressure and pipe properties such as
strength and corrosion resistance. Pipe size and wall thickness
are determined by wastewater flow, operation, pressure, and
trench conditions. The use of a pressure pipe can significantly
reduce the size and depth of the sewer lines compared to
gravity sewer lines and reduce the overall costs of sewer system
construction [Environmental Protection Agency (EPA), 2000].
As the world moves toward providing a better and cleaner
environment for future generations, there is significant need
to quantify and reduce the carbon emissions footprint of
industries. The construction industry, which emits a large
amount of CO2, is one of targeted industries to decrease these
emissions. The construction sector accounts for nearly 40% of
global GHG emissions, and the construction phase is typically
assumed to account around a 1/10 of the overall emissions
(Säynäjoki et al., 2012). Which researchers point to evaluate
proper alternative construction methods and materials to reduce
emission. Climatologists believe that increasing atmospheric
concentration of CO2, and other greenhouse gas (GHG) released
by human activities are warming the earth. The human activities
have changed the chemical composition of the atmosphere
through the buildup of greenhouse gases primarily. These gases
in the atmosphere act like the glass of a greenhouse, allowing
the sunlight in and blocking heat from escaping (Latake et al.,
2015). The common three GHG are CO2, methane (CO4), and
nitrous oxide (N2O). CO2 is the GHG responsible for the greatest
amount of warming. CO2 accounted for 82% of all human GHG
emissions in the US in 2013 (Rudolph and Harrison, 2016).

According to the synthesis report published by
Intergovernmental Panel on Climate Change (IPCC) in
2014, there is no doubt that humanity has affected the climate
system, and recent contrived greenhouse gas (GHG) emissions
have reached the top in history. As a result, the world average
surface temperature was increased by 0.85◦C from 1880 to 2012.
Over the past 1,400 years, these 30 years have been demonstrated
as the warmest period (Pachauri et al., 2014).

The US is already experiencing the impacts of climate change,
and these impacts will be much worse without acting sharply

Abbreviations: GHG, greenhouse gases; NASTT, North American Society for
Trenchless Technology; CO2, carbon dioxide; CO4, methane; N2O, nitrous oxide;
CIPP, Cured-in-Place Pipe; PCCP, Pre-stressed Concrete Cylinder Pipe; HDPE,
High-density polyethylene; PVC, Polyvinyl Chloride; IPCC, Intergovernmental
Panel on Climate Change; LCA, Life cycle assessment; LCC, Life cycle costing;
AWWA, American Water Works Association; ASTM, American Society for
Testing and Materials; ICE, Inventory of Carbon and Energy; e-calc, Emissions
Calculation; EPA, Environmental Protection Agency.

to reduce our global warming emissions (Karl et al., 2009). The
average US. temperature has already increased by 2◦F over the
last 50 years. It is expected to increase another 7–11ÂřF under
high emissions scenario by the end of this century, or 4–6.5
ÂřF under a low emissions scenario. Most of the US coast has
seen rising sea levels over the past 50 years, and that rising will
likely continue under a warming climate. These changes will have
serious economic consequences for coastal communities (Karl
et al., 2009). The carbon footprint has become a tremendously
popular and widely used term over the last few years. With
climate change, carbon footprint calculations are in strong
demand. The carbon footprint is a measure of the exclusive
total amount of CO2 emissions directly and indirectly caused by
an activity or is accumulated over the life stage of a product.
All direct CO2 emissions (on-site, internal) and indirect CO2

emissions (off-site, external, embodied) need to be considered
(Wiedmann and Minx, 2008).

In the past, the open-cut pipeline installation method,
involving the buries pipe excavation, was the only solution for
replacing and renewing the pipeline. This procedure requires
excavation to be performed very efficiently and accurately due
to the existence of other utilities, including water pipes, cables,
electrical power, gas pipes, and other obstacles adjacent to the
wastewater pipe, which make the work time-consuming and
difficult. This method, however, adversely impacts the day-to-day
life and activities of people and businesses around the pipeline
renewal project. These adverse impacts include breaking the road
pavement, road closures, traffic delays, loss of access to businesses
and homes, and unwanted noise and air pollution. The resulting
traffic delays can cause air pollution and other environmental
impacts (Kaushal et al., 2020).

Since the 1980s, various trenchless methods have been
available that significantly reduce or eliminate the adverse
problem. These methods involve replacing or installing a new
pipe or renewing an existing failed pipe with minimal excavation
and little or no surface and subsurface disruption. The North
American Society for Trenchless Technology (NASTT) defines
trenchless technology methods as a family of methods, materials,
and equipment capable of installing new lines, replacing old
pipes, or rehabilitating existing underground infrastructure
with minimal disruption surface, business, and other activities.
Trenchless technology methods have many advantages, such as:

1. Minimal disruption to existing residential, business areas,
and environment.

2. Lower risk of interfering with existing pipeline and utilities.
3. Safer working areas for both workers and the community

because of less requirement of the openly exposed installation.

These methods help minimize social and environmental
impacts, extend the pipe’s service life, decrease operation and
maintenance costs, increase productivity and workers’ safety,
and reduce overall costs (Monfared, 2018; Kaushal et al.,
2020). According to the construction objectives, trenchless
technology can be divided into trenchless installation and
renewal technologies, while renewal technology can be
subdivided into repair technology and replacement technology.
Installation technologies include pipe ramming, pipe jacking,
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FIGURE 1 | Life-cycle energy analysis and life stages.

horizontal auger boring, horizontal directional drilling, and
micro-tunneling. Repair techniques include slip lining, cured-
in-place pipe, deformed, and reformed. The only replacement
technology is pipe bursting (Lu et al., 2020).

OBJECTIVES OF THE STUDY

This research aims to look at the reduction of CO2 emissions
through the life cycle of the pipeline. This study makes
recommendations for saving energy consumption and
make improvement in each phase to reduce the carbon
emissions during the life cycle phases of the pipeline. These
recommendations will help decision-makers and engineers in
the future to choose (1) the more environmental materials to
produce the pipe with least environmental impact; (2) the lowest
environmental installation method for the environment; (3)
and how to emit less carbon dioxide during the operation and
disposal phases.

METHODOLOGY

Life cycle assessment (LCA) is a methodology to evaluate
the environmental impacts of products or service systems
throughout the complete life cycle from the cradle to the grave,
including the extraction of raw materials, transport, production,
and packaging of the product, as well as the reuse and disposal or
recycling of waste. The LCA consists of four interrelated stages:
goal and scope definition, inventory analysis, impact assessment,
and interpretation of results (He et al., 2021). Life cycle costing
(LCC) considers the sum of all expenses associated with the
entire life cycle product. Worldwide studies using LCA or LCC
to conduct green or gray infrastructure’s environmental and

economic assessment are widely conducted (Xu et al., 2021). The
carbon footprint in pipeline construction is a specific amount
of carbon dioxide emissions directly or indirectly generated
during the life cycle of the pipeline (fabrication, installation,
operation, disposal).

The life cycle can be classified into four phases: fabrication,
installation, operation, and disposal as shown in Figure 1. This
research focuses on four commonly used pipe and liners: PCCP,
PVC, CIPP, and HDPE.

Fabrication Phase
The fabrication phase includes all the energy consumption until
the factory gate (material extraction, material production, and
pipe fabrication), which is named the embodied energy. The
embodied energy is the total of all the energy required to
produce any goods or services. The concept can help determine
the effectiveness of energy generating or energy-saving devices
to decide whether a product contributes or mitigates global
warming (Alsadi et al., 2020b).

The PCCP pipe fundamentally contains steel and concrete.
At the fabrication phase of the PCCP pipe, the most CO2

emissions come from the steel. The CO2 emission from the steel
is ∼85% of the total PCCP pipe emissions (Alsadi et al., 2020b).
The embodied energy for recycled steel is steel cylinder is 1.53
kWh/kg (0.69 kWh/lb), and Pre-stressing wire is 2.72 kWh/kg
(1.24 kWh/lb) (Hommond and Jones, 2011). Utilizing recycled
steel will save a considerable amount of energy. By following
Table 1 and use the recycling embodied energy for recycled steel
instead of virgin steel: the total CO2 emissions for the fabrication
phase of the PCCP pipe are 4,881 kg (10,762 lb). In comparison,
the CO2 emissions by using the virgin steel are 12,737 kg (28,080
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TABLE 1 | Carbon emission for PCCP pipe.

Description Quantity Unit Remark/

reference

Outside diameter (OD) 91 cm

36 in

Inside diameter (ID) 76 cm OD- wall thickness

30 in

Core thickness 5.7 cm American Water Works

Association (2014a)

2.25 in

Steel cylinder thickness 1.5 mm American Water Works

Association (2014a)

0.0598 in

Concrete core thickness 5.5 cm 2.25–0.0598

2.19 in

Diameter of pre-stressing

wire

0.193 mm American Water Works

Association (2014a)

0.193 in

Mortar coating thickness 19 mm American Water Works

Association (2014a)

0.75 in

Embodied energy of

concrete core

0.26 kWh/kg Hommond and Jones (2011)

0.12 kWh/lb

Embodied energy of steel

cylinder

9.6 kWh/kg Hommond and Jones (2011)

4.37 kWh/lb

Embodied energy of

pre-stressing wire

10 kWh/kg Hommond and Jones (2011)

4.54 kWh/lb

Embodied energy of mortar

coating

0.37 kWh/kg Hommond and Jones (2011)

0.17 kWh/lb

Total energy consumption 23,326 kWh Embodied Energy × Weight

CO2 emission rate 1.2038 lb/kWh Environmental Protection Agency

(EPA) (2014)

Total CO2 emission 12,737 kg Total Energy × CO2 Emission

28,080 lb

*1 MJ/kg = 0.126 kWh/lb.

lb), indicating 38% less CO2 emissions by using the recycled steel
for producing the PCCP pipe.

It is estimated that 5–6% of all CO2 emissions generated
by human activities originate from cement production (Lloyd
and Rangan, 2009). Cement production needs high-temperature
calcination, which is an energy-intensive process. Global cement
production is expected to increase from 3.27 billion metric tons
in 2010 to 4.83 billion metric tons in 2030 (Nath et al., 2018).
It has been found the service life of concrete increased by 1.6
to 1.75 times more than traditional concrete by replacing 40%
of the cement with fly ash (a small waste collected from the
emissions liberated by coal-burning power stations). Around
36 to 43% of the CO2 emissions can be avoided for different
concrete covers by substituting 40% of cement with fly ash (Nath
et al., 2018). Geopolymer cement is manufactured differently
compared to Portland cement. The Geopolymer cement does not

need high-temperature ovens; neither do they need such large
capital investment in production plants and equipment (Turner
and Collins, 2013). The decrease of GHG emissions by using the
geopolymer cement instead of ordinary Portland cement is 70
to 90% (Davidovits, 2015). Figure 2 presents the difference in
CO2 emissions during the fabrication of the PCCP pipe when
geopolymer concrete, Portland cement, and fly ash are used. The
result discovered that 13% less CO2 emissions are made during
the fabrication phase of the PCCP pipe by using the Geopolymer
cement rather than Portland cement.

For PVC and HDPE pipes, there is a significant saving in
energy consumption during the fabrication phase by producing
pipes from recycled material. Table 2 shows the CO2 emissions
during the fabrication phase for PVC andHDPE pipe using virgin
materials. The embodied energy for virgin materials for PVC
and HDPE is 67.5 MJ/Kg and 84.4 MJ/Kg, while the embodied
energy for recycled materials for PVC and HDPE pipe is 40 and
45 MJ/Kg (ImpEE Project., 2005; Hommond and Jones, 2011).

Figure 3 shows the difference between manufacturing PVC
andHDPE pipes from virgin materials vs. recycled materials. The
results show the CO2 emissions have been reduced by 41% on
PVC pipe and 43% on HDPE using recycled materials instead of
virgin materials during the fabrication stage.

The CIPP pipe had the highest CO2 emission compared to
other pipe materials during the fabrication phase; the epoxy resin
is the main factor that increased the energy (Alsadi et al., 2020a).
Choosing other resins can reduce carbon emissions and save
more energy. The main types of resin used in CIPP applications
are a vinyl ester, polyester, and epoxy (Matthews et al., 2014).
Polyester resins most typically are qualified and specified for
gravity and storm sewer pipe rehabilitation (National Liner
Specifications, 2019). This study focuses on the pressure sewer
line; therefore, it was recommended to use the epoxy or vinyl
ester resin in the sewer pressure line application because the
polyester resin cannot be used for pressure pipelines. The CO2

emission during the fabrication phase of the CIPP liner of 36
in diameter with 30m (100 ft) length is 45,174 kg (99,591 lb), as
shown in Table 3 (Alsadi et al., 2020b).

Based on Alsadi’s study 2020, the weight of the resin in the
CIPP pipe is almost two-thirds of the total weight of the CIPP
lining, which means a small energy saving in producing the resin
will help save energy in the fabrication phase of CIPP (Alsadi
et al., 2020b). Resin choices are determined by the owner and
contractor to achieve the final product properties desired. Epoxy
resin and Vinyl ester resin’s embodied energy is 137 and 119.3
MJ/kg, respectively (ICE version 2.0; EuCIA 2016). In this study,
vinyl ester resin is used instead of epoxy resin, the total CO2

emissions for the fabrication phase for the CIPP lining using the
polyester resin for a 30m (100 ft) section with a 91 cm (36 in)
diameter is 40,665 kg (89,650 lb), while it is 45,174 kg (99,591 lb)
when using epoxy resin. The results found that the CO2 emission
has been reduced by 10% by using the vinyl ester resin instead of
the epoxy resin on the fabrication phase.

The conclusion of the optimizing CO2 emissions through
the fabrication stage and compared the four pipe materials
together (PCCP, PVC, HDPE, and CIPP) before and after the
optimization. The results found that the savings in carbon
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FIGURE 2 | Comparing the carbon emissions by using geopolymer concrete, flay ash additive and portland cement during the fabrication phase of PCCP pipe.

emissions after the optimizing are 75% in PCCP pipe, 41% in
PVC pipe, 47% in HDPE pipe, and 10% in CIPP pipe, as shown
in Figure 4.

Installation Phase
The installation stage’s major construction activities are
transporting pipes and equipment to a job site, excavation,
loading, backfilling, compaction, and repaving. For this study,
the pipeline installation analysis and consideration of CO2

emissions have been made for three different installation
methods: open cut with PCCP, pipe bursting with PVC and
HDPE, and CIPP lining. CO2 emissions in the installation phase
vary from method to another depending on several factors such
as the number of equipment, the time needed to finish the job,
and the project’s location.

The following considerations are used at this phase:

1. The Emissions Calculation (e-calc) software is used to
estimate and quantify the CO2 emissions.

2. For the open-cut construction method, the length of the
trench is 37m (120 ft), the trench width is 3m (10 ft), and the
trench depth is 3m (10 ft).

3. For the pipe bursting construction method, the size of the two
pits is 3.6m (12 ft) long, 3m (10 ft) wide, and 3m (10 ft) deep.

4. For CIPP, the size of the two pits is 2.4m (8 ft) long, 2.4m (8
ft) wide, and 3m (10 ft) deep.

5. The dump truck’s capacity to haul the spoil is 11.5 cubic
meters (15 cubic yards).

6. The swell factor in this study is assumed to be 40% for
moving spoil.

The installation phase is divided into three categories:
transport pipe and equipment to jobsite, pipeline installation,
and backfill and repaving. Alsadi did a study to compared
and evaluated the CO2 emissions during the life cycle of

different pipeline installation method (open cut, pipe bursting
and CIPP) for a 30m (100 ft) section with 91 cm (36 in) pipe
diameter, and with 3m (10 ft) depth, the result of the study
found that; open cut installation method has the higher CO2

emissions compared to pipe bursting and CIPP installation
method (Alsadi and Matthews, 2020). In this phase, most of the
energy consumption comes from the production and transport
of backfill materials, based on Alsadi’s study; 75% of carbon
emissions in the open cut construction method comes from the
production and transportation of backfill materials, and the pipe
bursting and the CIPPmethods are 68 and 61%, respectively. The
CO2 emissions from the backfill materials for the 30m (100 ft)
section with 3m (10 ft) depth are: open cut method is 33,173 kg
(73,134 lb), pipe bursting method is 5,578 kg (12,298 lb), and for
CIPP lining is 2,972 kg (6,552 lb) (Alsadi and Matthews, 2020),
as shown in Table 4. In case of using the same backfill materials,
instead of new backfill, a significant saving on CO2 emissions can
be made.

The energy consumed in the trench repaving is depended on
the trench’s size, type of pavement (concrete/ asphalt), and the
pavement’s thickness. The trench repaving is a significant energy
consumption activity. In this study, the depth of the trench in
the three methods is 3m (10 ft): the first 0.6m (2 ft) is gravel
as a foundation, 1.2m (4 ft) of sand surrounds the pipe, and the
last 1.2m (4 ft) is soil. Thickness of the pavement is assumed
to be 10 cm (4 in). Most of the project owners and decision-
makers look only at the direct cost and go with the asphalt option
because it is cheaper than concrete. Asphalt pavement is more
inexpensive compared to concrete pavement, but the asphalt
has higher carbon emissions (Alsadi and Matthews, 2020). The
open-cut construction method needs a large trench to install the
pipeline. That means that the open-cut method consumes more
energy in repaving than other methods.

Asphalt has higher embodied energy 1.4 kWh/kg (0.63
kWh/lb.) compared to reinforced concrete 0.2 kWh/kg (0.0945
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TABLE 2 | Carbon emission of PVC and HDPE pipe.

PVC pipe

Description Quantity Unit Remark/

reference

Outside diameter 91 cm

36 in

Length of pipe section 6 m

20 ft

Wall thickness 22 mm American Water Works

Association (2014b)

0.875 in

Embodied energy for

PVC pipe

18.7 kWh/kg Hommond and Jones (2011)

8.505 kWh/lb

Total energy

consumption

50,347.87 kWh Embodied Energy × Weight

CO2 emission rate 1.2038 lb/kWh Environmental Protection Agency

(EPA) (2014)

Total Co2 emission 27,492 kg Total Energy × CO2 Emission

60,609 lb

HDPE pipe

Outside diameter 91 cm

36 in

Length of pipe section 6 m

20 ft

Wall thickness 5.5 cm American Water Works

Association. (2015)

2.18 in

Embodied energy for

HDPE pipe

23.4 kWh/kg Hommond and Jones (2011)

10.6 kWh/lb

Total energy

consumption

106,557 kWh Embodied Energy × Weight

CO2 emission rate 1.2038 lb/kWh Environmental Protection Agency

(EPA) (2014)

Total CO2 emission 58,183 kg Total Energy × CO2 Emission

128,273 lb

*1 MJ/kg = 0.126 kWh/lb.

FIGURE 3 | Comparing the carbon emissions between virgin VS. Recycled

materials for PVC and HDPE pipes.

kWh/lb.) (ICE, 2011). In the open-cut method, in using the
concrete pavement, the CO2 emissions are 3,096 kg (6,826 lb);

TABLE 3 | Carbon emission of CIPP Pipe.

Description Quantity Unit Remark/

reference

Outside diameter 91 cm

36 in

Length of the section 30 m

100 ft

Tube thickness 0.58 in ASTM (2009)

14.7 mm

Thickness of fiberglass

reinforced

0.088 in Three layers of

fiberglass with

thickness 0.75mm per

layer

2.25 mm

Liner and exterior layer

thickness

0.010 in Each layer 0.005 in

0.10 mm

0.20 mm D 3567 Standard

Thickness of felt 0.502 in Two layers of felt each

with 6.125mm per

layer

12.25 mm

Total energy consumption 82,731 kWh Embodied Energy

×Weight

CO2 emission rate 1.2038 lb/kWh Environmental

Protection Agency

(EPA) (2014)

Total CO2 emission 45,174 kg Total Energy × CO2

Emission

99,591 lb

FIGURE 4 | Shown the difference in carbon emissions through the fabrication

phase of pipe materials before and after the optimizing.

however, when the asphalt pavement is used for repaving the
surface, the CO2 emissions are 23,942 kg (52,784 lb). When the
asphalt is used for repaving the surface in the pipe bursting
method, the CO2 emissions are 3,990 kg (8,797 lb), whereas they
are only 619 kg (1,365 lb) when using reinforced concrete. For
the CIPP method, when the asphalt is used for repaving, CO2
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TABLE 4 | CO2 Emissions from Backfill Materials.

Method Gravel Sand Soil Asphalt

Open cut Amount (lb) 338,688 550,032 612,864 69,600

CO2 emissions from material production (lb) 4,264 6,761 / 52,784

CO2 emissions from transport material to jobsite (lb) 1,954 3,308 3,619 444

Total CO2 emissions 33,173kg (73,134 lb)

Pipe bursting Amount (lb) 56,448 91,728 102,144 11,600

CO2 emissions from material production (lb) 710 1,127 / 8,797

CO2 emissions from transport material to jobsite (lb) 311 599 599 155

Total CO2 emissions 5,578kg (12,298 lb)

CIPP Amount (lb) 30,106 44,688 54,477 6,187

CO2 emissions from material production (lb) 379 549 / 4,692

CO2 emissions from transport material to jobsite (lb) 155 311 311 155

Total CO2 emissions 2,972kg (6,552 lb)

FIGURE 5 | Comparing the carbon emissions between new backfill

materials/asphalt pavement and same backfill materials/ concrete pavement

during the installation phase.

emissions are 2,128 kg (4,692 lb), and when concrete is used,
emissions are 330 kg (728 lb) (Alsadi and Matthews, 2020).

In the installation phase, large reductions in CO2 emissions
are made by using the same backfill materials and concrete
pavement instead of new backfill materials and asphalt pavement,
as shown in Figure 5, especially for open-cut construction
method because of the big trench required to install the pipeline.

The result of optimizing the CO2 emissions during the
installation phase found that a significant reduction in CO2

emissions is made by using the same backfill materials and
concrete pavement instead of new backfill materials and
asphalt pavement, as shown in Figure 6. The reduction of
the CO2 emissions are almost 70% in the open-cut method,
60% in the pipe bursting method and 44% in the cured-
in-place method after same backfill materials and concrete
pavement are used.

Operation Phase
The operation phase can be classified into three categories
when accounting for the CO2 emissions: pumping energy, pipe

FIGURE 6 | Different recycled percentage VS. Carbon emissions.

cleaning, and pipe repair. For a pressure pipeline, wastewater
needs to be pumped to a certain pressure and flow rate
using pumps, which involve energy consumption and CO2

emissions. On the other hand, there is no need to pumping
energy for a gravity pipeline; therefore, the energy consumption
due to pumping for a gravity pipeline is zero over the pipe’s
life cycle. For pipeline cleaning, there are too many pipeline
cleaning methods. In this study, the pig cleaning method is
used. The pipeline requires repair and maintenance over the
pipeline’s life service. The pipe must be repaired or replaced
within the estimated working life; this study considers the
life expectancy for the pipeline is 100 years. Because the life
expectancy for the CIPP liner is around 50 years, this study
considers replacing the liner with a new one after 50 years of
working life.

The most significant factors affecting the operation phase’s
energy consumption are the pump’s size and the pipeline’s
roughness. The size of the pump depends on the pipe’s diameter,
flow volume, and roughness of the interior pipe face [Hazen-
Williams’s coefficient (C)] (Alsadi and Matthews, 2020). For
the same outside pipe diameter with the same flow rate, a
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bigger inside diameter with a smaller wall thickness needs
a smaller pump size. It is the opposite of a smaller inside
pipe diameter with a thicker wall thickness. Therefore, in
the same pipe diameter: a smaller wall thickness results in
a smaller pump size, which will reduce the CO2 emissions
during the operation phase. For a 91 cm (36 in) pipe diameter
with a 30m (100 ft) long section under 690 kPa (100
psi) pressure, PVC pipe emits the least carbon compared
to HDPE, and that is due to the smaller wall thickness of
the PVC pipe for the same diameters (Alsadi and Matthews,
2020).

PCCP pipe has the lowest C value compared to the PVC,
HDPE, and CIPP pipe. Applying the epoxy coating on the
interior face of the PCCP pipe can decrease the roughness and
make it smoother from the inside. The industry recommended
the minimum thickness of the coating is 3.3mm (0.13 in)
(Matthews et al., 2012).

The coating will reduce the pipeline’s internal roughness,
increase the C value, and reduce the CO2 emissions (Assard
and Rosenberg, 2017). Table 5 presents the estimation of CO2

emissions of PCCP pipe through the operation phase after the
epoxy coating is applied.

After the epoxy is applied, the PCCP interior surface is
smoother. The pipeline with the epoxy coating is easier for
cleaning than the pipeline with a rough interior surface, which
means less water is needed for pipeline cleaning. Table 6 presents
the CO2 emissions of PCCP pipe during the cleaning phase after
the epoxy coating is applied through 100 years of operation. This
study is considered a pipeline is cleaning once every 10 years of
service (ten times during the 100 years of operation).

The PCCP pipe’s operation phase is required to calculate
the energy consumed during applying the coating and
combine it with the total energy consumption for the
PCCP pipe’s operation phase. Suppose the total energy with
the coating is less than the total energy without coating
for the operation phase. In that case, the CO2 emissions
can be mitigated by applying the epoxy coating. The CO2

emissions for applying the epoxy coating for a 30m (100 ft)
section are estimated to be 54 kg (120 lb) (Matthews et al.,
2012). Table 7 presents the CO2 emissions of applying the
epoxy coating.

This study found that 25,459 kg (56,127 lb) of CO2 emissions
can be saved by applying the epoxy coating for PCCP pipe during
the 100 years of PCCP pipe operation for 30m (100 ft) section
90 cm (36 in) diameter. This saving is around 7% of the total CO2

emissions. The CO2 emissions for the operation phase for PCCP
without coating is 788,316 lb (Alsadi and Matthews, 2020) and
with the coating is 732,189 lb.

In this study, the operation of life is assumed to be 100 years.
The life expectancy for PCCP, PVC, and HDPE pipes are 100
years (Bueno, 2010). CIPP pipe has been in service for more
than 40 years, and the life design for CIPP pipe is 50 years, but
the actual is perhaps well beyond (Allouche et al., 2012). If we
assume that CIPP pipes will last for 100 years, the CO2 emission
during the life cycle of CIPP pipes with the epoxy resin used in the
fabrication phase for 50 years and 100 years lifespans are 972,581
and 846,525 lb, respectively.

TABLE 5 | Carbon emissions during the operation phase of PCCP pipe after the

epoxy coating.

Description Quantity Unit Reference/

remark

Epoxy coating thickness 3.3 mm Matthews et al. (2012)

0.13 in

PCCP pipe inside diameter

after coating

75 cm 30 in- (0.13×2)

29.74 in

Hazen Williams coefficient

(C)

140 Gupta (2008)

Cross section Area (A) 0.45 m²

4.9 ft²

Flow rate 20 ft3/sec

Velocity of flow 4.08 ft/sec V =
Q
A

Equivalent roughness of

PCCP after coating (ε)

5*10−6 Gupta (2008)

Kinematic Viscosity (v) 0.93*10−5 ft²/sec Gupta (2008)

Re 1,095,860 Re =
Vd
v

Fraction factor (f) 0.0115 From moody diagram

for frication factor for

pipes

Friction head lose 3.6 cm hf =
fL
d

V
2g

0.119 ft

Pump head Hp 34 cm Hp = 1Z + hloss 1Z =

1 ft.

1.119 ft

Pump Efficiency (η) 70%

Specific weight (γ ) 62.418 lb/ ft3

Pump break power 3.63 Hp BHP =
γQHp
550η

Working hours per day hours 6 Assumption

Energy consumed per 1

year

5,930 kWh 1 hp = 0.746 kw

CO2 emissions rate 1.2038 lb/kWh Environmental

Protection Agency

(EPA) (2014)

CO2 emissions for 100

years

323,798 kg Total energy for 100

years × CO2 emissions

rate

(713,853) lb

Disposal Phase
At the end of the service life of the pipeline, the pipeline
is either recycled, abandoned, or disposed of. Energy is
needed for both options: recycling or disposing of (Alsadi
and Matthews, 2020). Recycling provides the opportunity to
decrease energy consumption during the fabrication of new pipes
using recyclable/ reusable materials instead of virgin materials.
Although the disassembly, collection, sorting, and processing
of materials into new products also require significant energy
consumption, recycling is still considered environmental (Gao
et al., 2001).

Environmental and recyclable materials are the key to
reducing the high CO2 emissions during the pipeline’s life cycle
and improving the pipeline’s materials’ environmental impact. In
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TABLE 6 | Carbon emissions during the cleaning of PCCP pipe after the epoxy

coating is used.

Description Quantity Unit

Inside diameter 75 cm

29.74 in

Volume of pipeline 13,662 liter

3,609 gal

Number of trucks for each time to

clean the pipeline

1

distance between the jobsite and

truck storage

32 km

20 mil

CO2 emissions from trucks in ten

times of cleaning

683 kg

1,505 lb

Amount of water for ten times of

cleaning

136,616 36,090 litergal

Energy consumed in water treatment 90.3 kWh

CO2 emissions from water treatment 49 kg

108.7 lb

Total CO2 emissions 732 kg

1,614 lb

the disposal phase, minimizing the CO2 emissions can be done
by increasing the percentage of recycled materials and reducing
the disposal materials at the end of the pipeline’s service life.

In this study, 3.5% of the fabrication energy is used to
dispose of the materials that cannot be recycled (ImpEE Project,

TABLE 7 | Total carbon emissions of the epoxy coating.

Description Quantity Unit Reference/remark

Epoxy coating

thickness

3.3 mm Matthews et al. (2012)

0.13 in

Weight of the epoxy

coating

362 kg Volume × density

799 lb

Epoxy coating

embodied energy

17.26 kWh/lb ICE version 2.0

Energy consumed from

producing the epoxy

coting

13,791 kWh Embodied energy × weight

CO2 emissions rate 1.2038 lb/kWh eGRID2014

CO2 emissions from

producing the epoxy

coating

7,531 kg Energy consumed from

epoxy coating × CO2

emissions rate

16,602 lb

CO2 emissions from

applying the epoxy

coating

54 kg Matthews et al. (2012)

120 lb

Total CO2 emissions 7,585 kg 54 + 7,531

16,722 lb 16,602+ 120

2005). The embodied energy for recycling materials of PCCP
pipe are steel cylinder is 1.5 kW/kg (0.693 kWh/lb), concrete
core is 5 kWh/kg (2.27 kWh/lb), mortar coating is 4.1 kWh/kg
(1.89 kWh/lb), the pre-stressing wire is 2.7 kWh/kg (1.235

TABLE 8 | Energy consumed for disposal phase.

Materials Recycling Disposal

Percentage Energy Percentage Energy

PCCP Steel cylinder 80 % 1,272 kWh 20% 70 kWh

Concrete core 20 % 11.3 kWh 80% 83.8 kWh

Mortar coating 0 % 0 100% 10.6 kWh

Pre-stressing wire 80 % 2,082 kWh 20% 67 kWh

Total Total of Recycling Energy = 3,365.3 kWh Total of Disposal Energy = 231.4 kWh

CO2 emissions 1,838kg (4,051 lb) 127 kg (279 lb)

PVC PVC resin 50 % 16,705 kWh 50% 881.1 kWh

Total Total of Recycling Energy= 16,705 kWh Total Disposal Energy = 881.1 kWh

CO2 emissions 9,121kg (20,109 lb) 481kg (1,061 lb)

HDPE HDPE resin 50 % 22,725 kWh 50% 1,864.74 kWh

Total Total of Recycling Energy = 22,725 kWh Total Disposal Energy = 1,864.74 kWh

CO2 emissions 12,408kg (27,356 lb) 1,018 kg (2,245 lb)

CIPP Epoxy resin 0 % 0 100% 4,477.6 kWh

Felt 0 % 0 100% 343.3 kWh

Fiberglass reinforced 0 % 0 100% 966.8 kWh

Tube liner 0 % 0 100% 3.32 kWh

Total Total of Recycling Energy = 0 Total Disposal Energy = 5,791 kWh

CO2 emissions 0 3,162kg (6,971 lb)
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TABLE 9 | Carbon emissions during the life cycle of pipeline before and after optimization.

Phase PCCP CIPP PVC HDPE Remark

Fabrication Original 12,737 kg

(28,080 lb)

45,174 kg

(99,591 lb)

27,492 kg

(60,609 lb)

58,184 kg

(128,273 lb)

From cradle to

factory gate

Optimization 32,284 kg

(71,175 lb)

40,665 kg

(89,650 lb)

16,291 kg 35,916

lb

31,022 kg 68,392

lb

Reduction 75 % 10 % 41 % 47 %

Installation Original 44,206 kg

(97,457 lb)

9,666 kg

(21,310 lb)

8,129 kg

(17,922 lb)

8,129 kg

(17,922 lb)

Transportation

+Construction+

Backfill +Repaving

Optimization 13,750 kg

(30,313 lb)

2,234 kg

(4,926 lb)

3,195 kg

(7,044 lb)

3,195 kg

(7,044 lb)

Reduction 69 % 77 % 61 % 61 %

Operation Original 357,574 kg

(788,316 lb)

334,817 kg

(738,146 lb)

308,510 kg

(680,148 lb)

314,750 kg

(693,906 lb)

Pumping + Pipe

cleaning

Optimization 332,115 kg

(732,189 lb)

334,817 kg

(738,146 lb)

308,510 kg

(680,148 lb)

314,750 kg

(693,906 lb)

Reduction 7 % 0 0 0

Disposal Original 127 kg

(279 lb)

3,162 kg

(6,971 lb)

481 kg

(1,061 lb)

1,018 kg

(2,245 lb)

CIPP cannot be

recycled

Optimization 72 kg

(159 lb)

3,162 kg

(6,971 lb)

192 kg

(424 lb)

407 kg

(898 lb)

Reduction 43 % 0 60 % 60 %

kWh/lb), and for PVC and HDPE as shown in Table 5 (Ashby,
2009; Hommond and Jones, 2011). Table 8 presents the energy
consumed during the disposal phase for a 30m (100 ft) section
long with 91 cm (36 in) pipe diameter four different pipe
materials: PCCP, PVC, HDPE, and CIPP.

Figure 6 presents an example of how the percentage of
recycling materials changes the CO2 emissions during the
disposal phase for a 30m (100 ft) long with 91 cm (36 in)
diameter. The example is showing the difference between the
recycling percentage in PCCP. The example shows two cases,
case one presented the low recycling percentage and the case
2 presented the high recycling percentage: increasing recycling
percentage in steel cylinder and pre-stressing wire from 80% (case
1) to 90% (case 2) and concrete from 20% (case 1) to 50% (case
2), and for PVC and HDPE increasing the percentage of recycling
from 50% (case 1) to 80% (case 2). The study found that CO2

emissions can be reduced by 43% in the PCCP pipe, and 60% for
PVC and HDPE. CIPP cannot be recycled because of the epoxy
resin, which is mean CIPP is made from 100% virgin materials.

RESULTS AND DISCUSSIONS

This study gives guidance to decrease CO2 emissions and
helps engineers and decision-makers to choose the most
environmentally friendly pipe materials and installation
methods. Table 9 summarizes the reduction in CO2 emissions in
each phase of the pipeline’s life cycle in the study.

Figure 7 shows and compares the pipe materials’ life cycle
before (the data source is Alsadi’s study 2020) and after the
optimization and shows a significant saving in CO2 emissions
during the life-cycle phases are possible.

FIGURE 7 | The difference between the carbon emissions during the life cycle

of pipeline materials before and after optimization, CIPP: the first two columns

are presenting a 50-years life expectancy, while the last two columns are

presenting a 100-years life expectancy.

As shown in Figure 7, the PVC pipe is the most
environmentally friendly pipe among all the other pipe
materials evaluated due to the smaller wall thickness and the
smoother interior surface. Smaller wall thickness will help save
carbon emissions during the fabrication and operation phase;
the smoother interior surface will also help save energy during
the operation phase. PCCP pipe had less carbon emits to the
environment during the life cycle compared to HDPE and
CIPP because of the significant saving on the carbon emissions
during the installation when the same backfill materials are
used and coating the interior surface of the pipe will help to
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make the pipe smooth and reduce the C value, which will help
to save consuming energy during the operation phase. HDPE
pipe has the highest carbon emissions among the other pipe
materials due to the wall thickness of the pipe. Thicker wall
thickness increases the carbon emissions during fabrication and
operation in the case of a pressure pipeline. In the case of 100
years’ life expectancy, CIPP is the better option than HDPE
regarding the environmental impact. And in the case of 50 years’
life expectancy, the CIPP pipe has the highest carbon emits
compared to other pipes.

CONCLUSION AND LIMITATIONS

This study analyzed and focused on the optimizing of carbon
emissions during the life cycle phases of the pipeline. This
study presents recommendations to reduce the carbon emissions
that will help decision-makers and engineers to choose (1) the
more environmental materials to produce the pipe with lease
environmental impact; (2) the lowest environmental installation
method for the environment; (3) and how to emit less carbon
dioxide during the operation and disposal phase.

The results of the study found that the CO2 has been reduced
by 16% on the PCCP pipe, 4% on PVC pipe, 1% on HDEP pipe,
and by 3.2% on CIPP lining (50 years life expectancy), and for
the 100 years life expectancy is 2%. The study also found that the
relationship between carbon emissions and the pipeline length
is linear during a pipeline’s life cycle except for the installation
phase. In the installation phase’s the CO2 emissions vary from
one method to another depending on different factors such as the
amount of equipment, the time needed to finish the job, and the
project’s location.

This study’s limitations are: (1) The embodied energy database
used in this study represents the UK average and may vary from
location to location. (2) The waste materials in the fabrication
phase are assumed to be negligible. (3) Due to the lack of data

and information, this study did not include carbon emissions
of repair and maintenance pipelines during the operation. The
energy needed for maintenance and repair is assumed to be
negligible in this study except for the energy used to reline the
new CIPP pipe after 50 years of operation.

RECOMMENDATIONS FOR FUTURE
RESEARCH

For future research, it is recommended that field studies
be conducted to obtain the necessary data to overcome the
dependence on assumptionsmade in this study. In the fabrication
phase, it is recommended to include the energy consumed in the
waste materials in a future study. Moreover, for the operation
phase, it is recommended to include the energy for maintenance
and repair. For embodied energy, it is recommended in
future studies to use the database present in the location
where the study is done because the embodied energy varies
from one location to another. Also, it is recommended to
include the direct and social costs in a future study, which
will help the engineers and decision-makers to make the
right choice.
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