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Abstract: Sanitary sewer pipelines frequently experience blockages, structural failures,
and overflows, underscoring the dire state of U.S. wastewater infrastructure, which has
been rated a D-, while America’s overall infrastructure scores only slightly better at C-.
Traditional open-trench excavation methods or excavation technology (ET) for replacing
deteriorated pipes are notoriously expensive and disruptive, requiring extensive processes
like route planning, surveying, engineering, trench excavation, pipe installation, back-
filling, and ground restoration. In contrast, trenchless technologies (TT) provide a less
invasive and more cost-effective alternative. Among these, cured-in-place pipe technology
(CIPPT), which involves inserting resin-impregnated fabric into damaged pipelines, is
widely recognized for its efficiency. However, a comprehensive life cycle cost analysis
(LCCA) directly comparing ET and TT, accounting for the net present value (NPV) across
installation, maintenance, and rehabilitation costs, remains unexplored. This study aims
to establish an LCCA framework for both CIPPT and ET, specifically for sanitary sewer
pipes ranging from 8 to 42 inches in diameter. The framework incorporates construction,
environmental, and social costs, providing a holistic evaluation. The key costs for ET
involve pipe materials and subsurface investigations, whereas TT’s costs center around
engineering and design. Social impacts, such as road and pavement damage, disruption to
adjacent utilities, and noise, are pivotal, alongside environmental factors like material use,
transportation, project duration, and equipment emissions. This comprehensive framework
empowers decision makers to holistically assess economic and environmental impacts,
enabling informed choices for sustainable sewer infrastructure renewal.

Keywords: life cycle cost; construction cost; social cost; environmental cost; wastewater;
sanitary sewer; sustainability

1. Introduction
Sewers are interconnected pipelines designed to transport wastewater or stormwater

to designated downstream locations for treatment or disposal. There are three primary
types: sanitary, storm, and combined sewers [1]. Sanitary and combined sewers convey
wastewater from residences, institutions, and businesses to centralized treatment facilities.
While sanitary sewers handle only wastewater, combined sewers carry both wastewater
and stormwater. As a critical component of urban infrastructure, sewer systems play a
vital role in maintaining public health and sanitation. Sanitary sewer systems collect and
transport domestic, commercial, and industrial wastewater, along with limited stormwater
and infiltrated groundwater, to treatment plants for proper processing [1].
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The American Society of Civil Engineers (ASCE), in its 2021 Report Card for America’s
Infrastructure, assigned a D+ grade to the nation’s wastewater infrastructure, indicating
that many systems are in poor condition, nearing the end of their service life, and urgently
require repair [2–4]. Without timely interventions, these deteriorating systems risk collaps-
ing, threatening public safety and urban stability. The nation’s wastewater infrastructure
encompasses over 800,000 miles of public sewers and an additional 500,000 miles of private
lateral sewers that link homes and businesses to public lines [5].

The Environmental Protection Agency (EPA) reports that in 2019, utilities allocated
over USD 3 billion—averaging more than USD 18 per wastewater customer—to replace
approximately 4700 miles of pipeline nationwide [4]. The overall cost of pipeline projects
is highly variable, influenced by factors such as pipe size, material, depth, length, project
location, subsurface conditions, and the type of application involved [6–10].

1.1. Excavation Technology

Excavation technology (ET), also known as open-cut, cut-and-cover, or trenching,
involves excavating a trench in the open rather than constructing a tunnel. This method
is the simplest approach to install new pipes or replace old ones, requiring excavation to
the necessary depth, backfilling, and restoring the surface [6,8,11]. The ET exposes existing
pipes for repair or replacement, followed by backfilling. As a traditional approach to
underground infrastructure work, it typically includes trench excavation, installation of
trench wall supports, pipe bedding and laying, embedment, backfilling, compaction, and
surface restoration.

While widely used, ET is less cost-effective and environmentally friendly. The high
costs and inefficiencies stem from numerous tasks, including fabrication, the use of heavy
vehicles for transportation, and substantial manpower requirements. Reducing these
aspects can significantly lower costs and enhance productivity. This method requires
digging a trench along the entire pipe length, preparing a suitable base for the new pipe,
and subsequently backfilling the full length. Trenchless technologies offer effective solutions
to the challenges associated with ET [8,10,12]. ETs are costly and contribute to higher fossil
fuel usage and CO2 emissions.

Historically, underground pipe rehabilitation was carried out using the ET, which
involves removing and replacing the old pipe. However, this technique is disruptive
and expensive [8,10,12]. It can cause significant disruptions to daily life, including road
closures, traffic delays, and loss of access to businesses and homes, along with the noise
and pollution associated with the work [13]. The reinstatement of ground surfaces, such
as sidewalks, pavements, and landscaping, is particularly costly [14]. In fact, around
70 percent of the direct costs in an ET are attributed to surface reinstatement rather than
the pipe installation itself [8,10,11,15,16].

As there is increasing emphasis on sustainability in infrastructure development, it is
crucial to manage construction practices responsibly to avoid irreversible environmental
damage, including air and water pollution, and waste [11]. Therefore, improving the
construction methods and designing infrastructures that prioritize sustainable development
is essential.

1.2. Trenchless Technology

Over the past two decades, trenchless technologies (TT) have been increasingly uti-
lized for constructing and rehabilitating buried utilities, including gas pipelines, water
distribution networks, sewer collection systems, and drainage culverts [8,13,17]. The adop-
tion of these technologies is growing rapidly as engineers and governments seek innovative
methods for underground utility construction. Trenchless technologies encompass a variety
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of methods, materials, and equipment for inspecting, stabilizing, rehabilitating, renewing,
and replacing existing pipelines, as well as installing new ones, with minimal surface and
subsurface disruption [8]. This broad category includes techniques such as Cured-in-Place
Pipe Technology (CIPPT), Microtunneling, Horizontal Directional Drilling (HDD), Sliplin-
ing, Fold-and-Reformed Pipe, Pipe Jacking, Pipe Bursting, Spot Repair, Spiral Wound, and
Shotcrete [18,19].

1.3. Cured-in-Place Pipe Technology

CIPPT is recognized as a safe, efficient, cost-effective, and highly productive option
for pipe rehabilitation [8,20]. A survey of U.S. sanitary and storm sewer systems conducted
by Hashemi and Najafi [20] revealed that CIPPT was the most frequently used trenchless
method during 2007 and 2008. This technique enables the installation of a new, structurally
sound pipe within the original, deteriorated pipe, effectively eliminating infiltration and
exfiltration caused by open joints, holes, and fractures. CIPPT achieves these results
at a reduced cost, in less time, and with minimal disruption to property owners and
surrounding communities. The process involves inserting a resin-impregnated fabric tube,
made of polyester felt or reinforced fiberglass, into the damaged pipe using air inversion.
The liner is then cured using steam or water, forming a new, durable pipe within the old
one [21–23].

Key climate factors, such as temperature extremes, seasonal variations, precipitation
levels, and freeze–thaw cycles, have been considered. For instance, in Arctic regions, the
ground-freezing effect increases excavation costs and challenges the curing process in
CIPPT, necessitating special resin formulations. Conversely, in equatorial regions, high
temperatures may accelerate resin curing but pose additional challenges in terms of material
stability and worker safety.

CIPPT is a prominent technique for sewer system rehabilitation in the U.S., which
involves inserting a flexible fabric tube infused with resin into the existing pipeline. The
tube is then expanded or inflated and cured using heat (e.g., hot water or steam) or
ultraviolet (UV) light, creating a hard, anti-corrosive, and anti-seepage lining that adheres
tightly to the inner wall of the original pipe [8,10,17,19,24–28].

CIPPT trenchless renewal is suitable for pipes with diameters ranging from 4 to
120 inches and installation lengths from 1000 to 3000 feet [8]. The two primary insertion
methods are inversion and pull-in, with the pull-in method requiring extra care to prevent
liner damage during the dragging process [8]. The curing process predominantly employs
one of three heat sources—hot water, steam, or UV light—each requiring the resin to reach
its exotherm curing temperature.

The CIPPT liner comprises a hollow cylinder made of nonwoven or woven material,
or a combination of both, impregnated with a thermosetting resin and often coated with
plastic. This liner is formed in situ within the existing pipe, conforming tightly to its shape.
During installation, the liner is inserted into the host pipe either by inversion—using water
or air pressure to turn the resin-impregnated tube inside out—or by pulling it into place and
inflating it to fit snugly against the pipe walls. Figure 1 depicts the Cured-in-Place renewal
process, showing the delivery and insertion of an uncured resin tube into a damaged pipe,
inflation with air, curing through thermal or UV methods, trimming of ends, and finally,
the restoration of the pipe, ready for service.
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Figure 1. CIPPT installation process [10].

The adoption of CIPPT technology for underground infrastructure rehabilitation
provides numerous advantages that enhance the efficiency and effectiveness of pipeline
restoration. A summary matrix comparing the advantages and limitations of ET and CIPPT
is presented in Table 1 [14,27,29–36].

Table 1. Advantages and disadvantages of CIPPT installation.

Advantages Challenges

ET

• Often more cost-effective than trenchless methods in
non-paved areas.

• Essential for repairing collapsed pipes or those with
significant slope loss, as removal of the damaged pipe is
necessary.

• Ideal for pipes heavily obstructed by roots and debris, as
removal of blockages is not required before replacement.

• Does not necessitate the extraction of roots or debris from the
existing pipe.

• Rural areas experience less disruption compared to urban
settings, particularly regarding vehicular traffic.

• Straightforward installation process, especially for
large-diameter pipelines.

• Long-term impacts may include deformation or settlement
of buildings affected by construction activities.

• Recently, some municipalities have introduced utility-cut
fees to offset the costs of underground utility projects [8].

• A common risk with ET arises during backfill compaction,
as incomplete compaction can cause the soil or existing
utilities to settle over time, leading to uneven road surfaces
or ground conditions, such as in concrete or asphalt [17].

• For river crossings, the ET typically routes pipelines under
bridges, significantly accelerating wear and reducing the
lifespan by 50–75%.

• Open trenching carries a notable risk of soil contamination,
which can result from construction equipment and
maintenance activities. Contaminated soil often requires
proper treatment and disposal, typically at the contractor’s
expense.

CIPPT

• CIPPT necessitates minimal excavation, thereby occupying a
reduced subterranean footprint and curtailing the duration of
construction activities.

• The CIPP lining establishes a seamless interface with the
existing pipeline, eliminating the requirement for
supplementary grouting procedures, providing enhanced
structural integrity.

• CIPPT demonstrates remarkable adaptability to diverse
conduit morphologies, accommodating a wide spectrum of
cross-sectional configurations encountered in aging
infrastructure systems.

• A single CIPPT operation can effectively rehabilitate extended
pipeline segments, producing a monolithic, joint-free lining.

• The smooth interior surface of CIPP linings results in a
diminished friction coefficient.

• CIPPT materials exhibit superior resistance to corrosive
agents and demonstrate exceptional impermeability
characteristics.

• The composite nature of the CIPPT–host pipe system
leverages the residual structural capacity of the existing
pipeline in conjunction with the mechanical properties of the
CIPPT lining.

• Higher construction costs compared to conventional
rehabilitation methods.

• Requires significant investment in specialized equipment
and skilled labor.

• Difficult implementation in structurally compromised
pipelines.

• Demands specialized construction equipment.
• High technical expertise required from workers.
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2. Literature Review
2.1. Construction-Cost-Related Studies

Beaudet et al. [37] presented a life cycle cost (LCC) analysis framework for evaluating
collection system rehabilitation projects. Using a theoretical case study, the analysis re-
vealed that trenchless CIPPT lining with pre-engineered rubber gaskets had the lowest net
present value (NPV) over a 50-year period (USD 3192.42) compared to adhesive-based seals
(USD 6185.37) and a “do-nothing” alternative (USD 9494.85). The study highlighted that
while the initial costs of some trenchless solutions are higher, they offer significant savings
in maintenance and leakage reduction over time, making them the most cost-effective
option for long-term infrastructure rehabilitation.

Kaushal et al. [10] compared the cost of CIPPT renewal to ET for sanitary sewer pipes.
Their analysis showed that trenchless CIPPT is 57%, 63%, and 18% less expensive for small,
medium, and large-diameter pipes, respectively. The study emphasized that most costs in
ET stem from surface reinstatement and disruptions, which are significantly reduced with
CIPPT. The findings suggest that trenchless methods are highly cost-effective, particularly
in urban areas, offering substantial savings over the life cycle of pipeline projects.

Serajiantehrani et al. [38] analyzed the construction costs of trenchless technologies,
specifically Spray-Applied Pipe Linings (SAPL) and CIPPT, for the rehabilitation of large-
diameter culverts (30–108 inches). The study revealed that CIPPT generally had lower mean
construction costs compared to SAPL, especially for larger diameters. For instance, the cost
difference between the two methods widened significantly as the diameter increased, with
CIPPT being up to 500% cheaper than SAPL for 72-inch culverts.

The mean costs for CIPPT ranged from USD 224 to USD 433 per linear foot, depending
on location and diameter, while SAPL costs ranged from USD 350 to USD 813 per linear
foot. These findings underscore CIPPT’s economic advantage in larger-diameter projects.

Xu et al. [39] reviewed the evolution of machine learning in the construction industry,
transitioning from shallow learning (e.g., decision trees, logistic regression, support vector
machines) to deep learning (e.g., convolutional neural networks, recurrent neural networks).
The study highlighted that ML can significantly improve construction efficiency, including
safety monitoring, defect detection, and project planning. However, it also noted challenges,
particularly data acquisition and model adaptation to complex construction environments.
The paper suggested that future advancements should integrate domain-specific knowledge
with ML algorithms to develop customized models.

Ref. [40] research focuses on developing a cost prediction model for sewerage projects
using artificial neural networks. The study analyzes data from 125 sewerage projects in
the Czech Republic (2018–2022) and proposes an ensemble-based approach for early-stage
cost estimation. The results indicate that ensemble neural networks outperform traditional
multiple linear regression models, achieving a prediction accuracy within ±30% for over
90% of cases. The study underscores the significance of AI in infrastructure planning,
enabling cost-effective and timely project execution. The findings are especially relevant
for public-sector funding and urban development.

Sousa and Meireles [41] examine how construction technology impacts time–cost
relationships in sewerage projects. The study analyzes 70 projects (Chicago, 1994–2002),
comparing traditional open-cut excavation with trenchless technologies like Cured-in-Place
Pipe (CIPP). The study finds that trenchless technologies reduce surface disruptions but
show different time–cost dynamics compared to traditional methods. Using Bromilow’s
time–cost model, the research demonstrates that project size correlates with time efficiency,
especially for open-cut methods. The study suggests separate cost models for different
technologies to improve project planning accuracy.
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2.2. Environmental-Cost-Related Studies

Joshi [42] compares the CO2 emissions of ET and pipe-bursting methods for sewer
pipeline replacement, finding that pipe bursting results in 72.6% less CO2 emissions. The
environmental benefits stem from reduced excavation, shorter project durations, and mini-
mized traffic disruption. Economically, pipe bursting offers cost savings associated with
reduced fuel consumption and decreased labor requirements, highlighting its superiority
as a sustainable construction method.

The environmental and economic impacts of VOC emissions during CIPPT sewer
rehabilitation are underscored by quantitative data from a study by Ajdari [12]. VOC emis-
sions from the CIPPT process were significantly lower compared to traditional replacement
methods, with total VOC emissions at 0.042 tons for CIPPT activities over 22 workdays
versus 0.181 tons for ET over 110 days. Similarly, CO2 emissions were substantially reduced,
with 52.76 tons for CIPPT versus 185.33 tons for ET. These reductions reflect the shorter
operational duration and minimized equipment use in CIPPT. The study utilized EPA’s
MOVES (Motor Vehicle Emission Simulator) and SimaPro, a life cycle assessment tool,
to quantify the emissions and assess the environmental impacts associated with CIPPT
rehabilitation projects. SimaPro was particularly instrumental in calculating greenhouse
gas and VOC emissions by integrating data on resin and material use, curing processes, and
operational durations. These tools provided a comprehensive analysis of the environmental
costs, enabling precise identification of emission sources and their corresponding impacts.

Chilana et al. [43] compare the greenhouse gas emissions of steel and prestressed concrete
cylinder pipe (PCCP) for large-diameter water transmission pipelines. Using a case study from
Texas, they evaluate four life cycle phases: material production, transportation, installation,
and operation. The results indicate that steel pipe manufacturing has a significantly higher
carbon footprint (32% larger) than PCCP due to its energy-intensive production. However,
PCCP has higher transportation emissions because of its heavier weight. The findings provide
insights for pipeline material selection and emission reduction strategies.

Kaushal et al. [10] discuss the significant chemical emissions during CIPPT instal-
lations, focusing on styrene, a primary component in the resin. Styrene emissions were
measured at levels ranging from 20 to 300 ppm near termination manholes during steam
curing, exceeding both short-term and long-term exposure limits. These emissions pose
health risks to workers and nearby residents. The key tools employed included photoioniza-
tion detectors (PIDs) for real-time monitoring and gas chromatography/mass spectrometry
(GC/MS) for precise chemical analysis. The research calls for more robust field measure-
ments, especially under varying meteorological conditions, to better understand emission
dispersion and mitigate health risks effectively.

Visentin et al. [44] determined the life cycle assessment (LCA) and life cycle cost
assessment (LCC) of nanoscale zero-valent iron (nZVI) production, revealing critical envi-
ronmental and economic trade-offs between methods. The sodium borohydride reduction
method has the lowest environmental impact, producing 30.23 kg CO2 equivalent per kg of
nZVI, while the hydrogen gas reduction method generates up to 58.56 kg CO2 equivalent,
making it the least sustainable option. Material costs dominate the sodium borohydride
method, with sodium borohydride alone accounting for 86.8% of total costs, whereas energy
consumption is the largest cost factor in the hydrogen gas method, contributing 73.35%
to total expenses. Tools like SimaPro, coupled with the Eco invent database, were pivotal
in evaluating climate change, ecosystem quality, and resource use impacts, highlighting
that sodium borohydride reduction is environmentally preferable despite its high material
costs, making it suitable for lab-scale and selective industrial applications.

Fuselli et al. [45] examine the environmental benefits of trenchless pipe rehabilita-
tion methods, particularly Cured-in-Place Pipe (CIPP), compared to traditional open-cut
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methods. Using a case study in Monza, Italy, they assess the carbon emission reductions
achieved by trenchless technology. The results indicate that CIPP methods can reduce CO2

emissions by approximately 65% and fuel consumption by 69%. Among different CIPP
curing techniques, ultraviolet (UV) curing had the lowest environmental impact due to
lower energy requirements and material efficiency.

Chorazy et al. [46] conducted a comparative study on the restoration of a sewage
network in Brno, Czech Republic, using trenchless technology (TT) and traditional excava-
tion (OT) methods, focusing on cost effectiveness and the environmental impact. While
TT had higher initial costs, it resulted in significant long-term savings by reducing traffic
disruption, waste disposal, and fuel consumption, ultimately lowering indirect costs. The
carbon footprint of TT was 9.91 t CO2 eq. compared to 24.29 t CO2 eq. for OT, marking a
59.2% reduction in emissions. The study assessed fuel consumption, energy demands, and
construction time, finding that TT completed the project in 60 days versus 90 days for OT,
making it more efficient. OT had a higher environmental impact due to greater reliance on
fossil-fuel-based machinery and extensive excavation work. The authors recommend prior-
itizing TT for urban infrastructure projects, integrating environmental impact assessments
into planning, and investing in sustainable construction technologies. The study concluded
that TT is a more environmentally friendly and cost-effective alternative to OT in sewer
network restoration.

The Environmental Prices Handbook 2024 [47] provides updated environmental prices,
representing the social cost of pollution in euros per kilogram of pollutants. It covers over
3000 pollutants and assigns values based on their impact on human health, ecosystems, and
resource availability. These prices are crucial for cost–benefit analyses, life cycle assessments,
and corporate sustainability reporting. The methodology considers dose–effect relationships
and scientific updates since the last edition (2018). It emphasizes that environmental prices are
conservative estimates, likely to increase with further scientific advancement.

2.3. Social-Cost-Related Studies

Xueqing et al. [48] emphasize the importance of integrating social costs into bid
evaluations to reflect the true cost of construction projects. For example, the inclusion of
traffic delays, environmental impacts, and business interruptions in project bids showed
that trenchless methods scored 25% higher in cost effectiveness compared to ET. A case
study revealed that incorporating social costs reduced the apparent cost disparity between
the two methods, favoring trenchless technologies in competitive bid environments.

Ormsby [49] develops a framework for evaluating total costs, including indirect and
external costs, such as traffic delays and business losses. A case study of a trenchless project
in Montreal found that indirect and external costs accounted for 25% of total costs for ET
but were reduced to 10% with trenchless approaches. This reduction resulted in savings
of over USD 400,000 for a USD 2 million project. The framework underscores the need
to consider all cost components to accurately assess the economic benefits of trenchless
technologies.

Maldikar [50] demonstrates that outdoor noise significantly impacts productivity, with
an average reduction in labor efficiency of about 28.57% when noise levels exceed 87.49 dB.
The economic analysis calculated productivity loss using Equation (1):

Cost o f Productivity Loss
= Time Lost per Day × Number o f Workers × Wage Rate
× Duration in

(1)

This highlights substantial project cost increases due to delays caused by environmental
noise. Additionally, workers exposed to noise levels above 90 dB experience an increased
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accident risk, averaging 1.35 incidents per person per year compared to 0.26 incidents for
noise levels below 80 dB. These findings underline the critical economic and safety costs
tied to insufficient noise mitigation strategies at construction sites.

Matthews et al. [51] examine the monetary valuation of social costs, emphasizing their
importance in infrastructure project planning. The study identifies eight categories of social
costs, including traffic delays and environmental degradation. For example, urban pipeline
projects using trenchless methods were shown to reduce traffic delay costs by up to 50%
compared to ET, with savings ranging from USD 10,000 to USD 45,000 depending on project
scale. The findings stress the need for incorporating social costs into project evaluations to
capture true economic impacts.

Çelik et al. [52] provide a quantitative analysis of social costs in construction projects,
revealing that traffic delays alone can cost USD 10,000–USD 50,000 per project depending
on the scale and duration. Noise pollution and dust control costs were estimated to add an
additional 10–15% to the overall project expenses in urban settings. The study emphasizes
that these social costs, often overlooked, can form up to 30% of the total project costs,
particularly in densely populated areas. For example, in a mid-sized urban project, the
cumulative social costs from delays, pollution, and business interruptions were calculated
to exceed USD 150,000. The paper advocates for incorporating these expenses into project
planning to ensure a more accurate assessment of total costs.

Kaushal [10] compares CIPPT with ET for sanitary sewers. The results show that
the total social and environmental costs for CIPPT were 90% lower than for ET. The key
cost factors for ET included detour delays and pavement restoration, which contributed
approximately 75% of the social cost. For small-diameter sewers (8–12 inches), the total
cost savings were estimated at over USD 100,000 per mile of pipeline replaced.

A meta-analysis by Mohanty and Rath [53] reviews the methodologies for quantifying
social costs in the construction sector. It reveals wide variations in the cost estimation
approaches but emphasizes that social costs, such as the environmental impact and public
disruption, often remain under accounted for. Estimates suggest that incorporating these
costs can increase total project cost assessments by 20–40%. The analysis underscores the
necessity for standardized methods to integrate social costs into cost planning.

3. Results and Analysis
3.1. Construction Cost Analysis

The methodology for this study includes a comprehensive literature review and an
initial statistical analysis using regression techniques. Regression analysis is particularly
effective for identifying the relationships between one parameter and one or more variables.
In this study, the dependent variable (y) is the price per foot for CIPPT and ET, while the
independent variable (x) is the diameter of the pipeline project.

Regression analysis is a statistical method used to explore and model relationships be-
tween dependent and independent variables. It is widely utilized for analyzing multifactor
data due to its ability to represent relationships systematically through mathematical equa-
tions [54]. This methodology finds extensive application across various fields, including
construction engineering and management.

A critical component of regression analysis is the quality of data collection, as the
accuracy of the results hinges on the reliability of the data. Data for regression can be
obtained through three main methods: retrospective studies using historical data (as
employed in this study), observational studies, and designed experiments. Engineers
and scientists frequently use regression analysis to derive equations that summarize or
characterize datasets, making it a valuable tool for tasks such as data description, parameter
estimation, forecasting, and system control.
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In this study, one intercept parameter and one primary variable were evaluated. The
intercept parameter represents the price per foot for CIPPT and ET, while the variable
analyzed is the pipeline diameter. As shown in Figure 2, data from each project are
presented as price (dollars per foot) relative to diameter (inches).

Figure 2. Scatter plot of cost versus pipe diameter for open-cut and CIPPT.

Following the organization and analysis of the collected data, regression analysis was
utilized to compare the construction costs of the CIPPT and ET. Figure 3 illustrates the
mean construction costs (USD /ft) of the CIPPT method compared to ET for sanitary pipe
diameters ranging from 8 to 42 inches.

Figure 3. Mean construction cost comparison.

The results demonstrate an exponential relationship between the mean construction
cost of CIPPT and pipe diameter, whereas the ET exhibits a linear relationship between the
construction cost and diameter. Additionally, the correlation coefficients (R2) for CIPPT
renewal and ET are 0.862 and 0.96, respectively, indicating a strong fit between the models
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and the observed data (Figure 4). With various regression methods available, including
linear, exponential, logarithmic, and power models, selecting the best-fit trend line for the
scatter plot is essential. The relationship ratio between two parameters, represented by R2,
serves as an effective criterion for this decision. Generally, a higher R2 value indicates a
more accurate and reliable trend line.

Figure 4. Mean construction cost comparison—Regression analysis.

3.2. Environmental Cost Analysis

EIA. Environmental Impact Assessment (EIA): EIA is a systematic approach to identi-
fying and evaluating the environmental impacts of energy use and resource consumption
across a product’s life cycle [55]. Conducted in compliance with [56], the process involves
four key stages: (1) defining the goal and scope, (2) compiling a detailed inventory of
system inputs and outputs, (3) assessing the environmental, health, and resource impacts,
and (4) interpreting the results to determine their significance.

SimaPro. SimaPro 2017 is a software tool specifically designed for conducting life cycle
assessment (LCA) studies, enabling users to perform inventory analyses and environmental
impact evaluations. It features comprehensive databases containing detailed information
on energy consumption, material requirements, and emissions for more than 10,000 indus-
trial and commercial processes [57]. The tool also models end-of-life waste management
scenarios, such as landfilling, incineration, and recycling, focusing primarily on material
flow. Using predefined boundaries, SimaPro processes data and evaluates the impacts
through key indicator substances, converting emissions into equivalents (e.g., CO2 for
global warming). The results are presented in user-friendly charts, enabling a proportional
visualization of the impacts for comparative analysis.

TRACI 2.1. Developed by the USEPA, TRACI 2.1 (Tool for Reduction and Assessment
of Chemicals and Other Environmental Impacts) analyzes ten key environmental categories,
including ozone depletion, climate change, smog formation, acidification, and eutrophication,
carcinogenic and noncarcinogenic effects, respiratory impacts, ecotoxicity, and fossil fuel
depletion. TRACI normalizes the results against the annual average impact of a U.S. or
Canadian citizen, facilitating qualitative comparisons across categories (PRé, 2016).

An environmental impact assessment is conducted to analyze the environmental
costs associated with CIPPT renewal and ET. An environmental impact assessment is
conducted using SimaPro 2017 with the TRACI 2.1 methodology to estimate emissions.
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These emissions are then translated into costs using standards from the USEPA (2019) and
other relevant sources, providing a comprehensive analysis of environmental costs for
small to large sanitary sewer systems.

3.3. Social Cost Analysis

The diagram (Figure 5) illustrates the social cost classification, categorizing the neg-
ative externalities into four main domains: Traffic, Economic Activities, Pollution, and
Ecological/Social Health. Under Traffic, increased accident rates, road rage, and delays
contribute to inefficiencies, leading to additional fuel consumption and loss of parking
space. These traffic-related issues further affect Economic Activities, resulting in loss of
income, property damage, tax revenue decline, and reduced productivity. Simultaneously,
Pollution emerges as a critical cost, impacting air and water quality while generating noise,
dust, and vibration-related disturbances. Lastly, Ecological and Social Health costs manifest
through restoration expenses, compromised mental health, and a decline in life quality.
Collectively, these interconnected social costs highlight the broad-ranging consequences of
urban congestion and environmental degradation.

Figure 5. Social cost categories (adapted from [51–54]).
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To assess the social costs associated with CIPPT renewal and OCCM methods for 8-,
10-, and 12-inch diameter pipes, researchers utilized a set of equations developed by Najafi
and Gokhale (2021) [8], supplemented by reasonable assumptions drawn from various
relevant sources. These equations and methodologies address diverse aspects of social
costs, including factors such as project duration, fuel consumption for detours, travel time
delays, road damage, loss of sales tax revenue, reduced productivity caused by noise, and
dust control measures. The key social cost concepts and calculation methods [22,32,58–62]
are outlined as follows:

A. Duration of the Project. The duration of a project is a critical determinant of social
costs, with extended timelines typically resulting in increased expenses due to

1. Extended lane closures causing prolonged traffic congestion.
2. Increased commuter delays and frustration.
3. Higher cumulative fuel consumption and emissions.
4. Short-duration projects generally having lower social costs, while longer

projects can lead to substantial increases in traffic disruption expenses.

B. Cost of Fuel. Open-cut installation often necessitates lane closures, resulting in traffic
congestion and increased fuel consumption. The duration of traffic delays directly
correlates with the amount of fuel wasted, which in turn affects the overall fuel
cost. To estimate this cost, the calculation considers the amount of fuel consumed
by vehicles idling in traffic or using alternate routes. By applying the average fuel
consumption rate of a standard vehicle, the total fuel wasted during traffic disruptions
is determined. The costs associated with fuel consumption for detour routes or delays
per vehicle are calculated using Equation (2).

Cost o f f uel f or detour roads
vehicles

=

(
Avg gal

mile

)
× (Avg additional mile)×

(
Avg cost o f f uel

gal

)
(2)

C. Travel Time Cost. The value of time related to travel varies significantly based on a
complex interplay of factors, including the nature of the trip, travel distance, indi-
vidual traveler characteristics, and prevailing travel conditions. Business trips and
longer journeys often carry higher time values compared to personal or local travel.
Individual factors, such as income level and personal preferences for leisure time,
also influence how travelers value their time. The travel environment plays a crucial
role, with comfortable conditions potentially reducing the perceived time costs, while
congestion and discomfort tend to increase them. The mode of transport, trip duration,
and time of day further contribute to this variability. Notably, passengers typically
assign higher per-minute costs to their travel time when faced with uncomfortable
or congested conditions, reflecting the increased stress and inconvenience associated
with such situations. The cost of detour delays can be determined using Equation (3).

Cost o f detour delay =

(
Avg time

mile

)
× (Additional miles to travel)× (Value o f time in dollars) (3)

D. Road Damage. Utility construction projects can result in two distinct forms of road
damage. The first is direct pavement damage caused by utility cuts, trenching opera-
tions, and inadequate patching procedures, which manifests as potholes, increased
surface roughness, and cracks in the road surface. This damage is a direct consequence
of the construction work itself. The next form is indirect damage to detour roads
resulting from the increased volume of traffic, especially heavy vehicles, which are
diverted during the construction period. This additional stress on alternative routes
can lead to accelerated wear and tear, causing premature deterioration of roads not
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originally designed to handle such high traffic loads. Both types of damage contribute
significantly to the overall social and economic costs associated with utility construc-
tion projects, underscoring the importance of comprehensive planning and effective
mitigation strategies. To estimate the cost of pavement restoration, Equation (4) can
be used:

Pavement restoration cost =
(

Restoration cost
f t2

)
×

(
number o f f t2

)
(4)

E. Loss of Sales Tax. Utility construction projects can have significant financial repercus-
sions for nearby businesses and shops, primarily due to reduced customer traffic. As
people tend to avoid areas with lane closures and construction-related disruptions,
the affected businesses experience a decline in patronage. This reduction in customer
visits directly translates to decreased income for these establishments. Consequently,
the lower revenue generated by these businesses leads to a decrease in tax revenue
for the local government. Equation (5) can be used in calculating the loss of sales tax:

Loss o f sales tax =

(
Average dollar loss

day

)
× (Duration o f project in days) (5)

F. Loss of Productivity. Noise pollution from construction activities can significantly
impact productivity, though its effects are challenging to quantify precisely. Indi-
vidual responses to noise vary considerably, with some people experiencing minor
productivity decreases, while others find it intolerable. Research indicates that noise
levels above 60 dB can hinder complex task performance, and exposure to high noise
levels (110 dB) notably reduces overall performance and increases error rates. The
impact of noise on productivity depends on factors such as sound intensity, duration
of exposure, and the nature of the work being performed, making it a complex issue
in workplace environments. The loss of productivity is provided by Equation (6).

Cost o f productivity =

(
Time lost

day

)
× (Number o f persons)× (Value o f time)× (Duration o f project in days) (6)

G. Dust. One method for quantifying the expense associated with dust is to evaluate
the incremental cleaning time required. This approach considers the additional labor
hours needed to address dust accumulation, which can be translated into monetary
costs. By measuring the extra time spent on cleaning activities, such as dusting,
sweeping, or operating specialized dust control equipment, organizations can estimate
the financial impact of dust on their operations. This calculation may include factors
such as employee wages, cleaning supply costs, and potential productivity losses due
to more frequent cleaning interventions. Equation (7) can be used to calculate the dust
and dirt control cost:

Cost o f dust control

=
(

Increased cleaning time in hours
Day

)
×(Hourly pay rate)(Number o f units impacted)
×(Duration o f project in days) + (Cost o f cleaning materials)

(7)

H. Cost of Fuel. OCCM often necessitates lane closures, resulting in traffic congestion
and increased fuel consumption. The duration of traffic delays directly correlates with
the amount of fuel wasted, which in turn affects the overall fuel cost. To estimate
this cost, calculations are based on the quantity of fuel consumed by vehicles idling
in traffic or traversing alternate routes. The computation utilizes the average fuel
consumption rate of a typical car to determine the total fuel wasted during these traffic



Sustainability 2025, 17, 2329 14 of 22

disruptions. The costs of fuel for detour roads or delay per vehicle are calculated
according to Equation (8).

Cost o f f uel f or detour roads
vehicles

=

(
Avg gal

mile

)
× (Avg additional mile)×

(
Avg cost o f f uel

gal

)
(8)

3.4. Life Cycle Cost Analysis Framework

The LCCA framework provides a structured approach to evaluate the long-term
costs associated with trenchless renewal methods for sanitary sewers, encompassing three
primary cost components: construction, environmental, and social costs. Construction
costs focus on factors such as pipe dimensions, material type and thickness, and the
rehabilitation design life. Environmental costs are influenced by material components,
transportation logistics, project location, equipment use, and energy consumption. Social
costs address impacts such as traffic disruptions, noise, road restoration needs, and overall
public inconvenience.

This framework integrates diverse parameters to calculate a comprehensive life cycle
cost. It accounts for quantifiable factors, including project specifics (e.g., length and diame-
ter of the culvert, material properties), environmental considerations (e.g., emissions, energy
use, and material sourcing), and socio-economic factors (e.g., traffic control, noise, and com-
munity impacts). Advanced computational tools like Minitab (https://www.minitab.com
(accessed on 25 December 2024)) and Microsoft Excel (https://www.microsoft.com/excel
(accessed on 25 December 2024)) software are employed for construction cost analysis.
SimaPro (https://simapro.com/ (accessed on 25 December 2024)) software is employed to
quantify environmental impacts based on metrics such as global warming potential, smog
generation, and resource depletion.

The LCCA can be used as an important and effective decision-making tool to determine
the cost of rehabilitation alternatives based on each alternative’s full life cycle (service life).
A survey of the largest municipalities in the U.S. indicated that 40% of municipalities use
LCCA and that some have been using it for over 20 years [63–65]. The reasons why 60%
of municipalities did not use LCC analysis include the lack of formal guidelines and the
difficulty in estimating future expenses and income. The life cycle cost of the project, from
its design to the decommissioning of the utility, includes the following categories [23,66–70]
(Figure 6):

• Preconstruction cost: Land acquisitions, design fees, planning, and legal costs;
• Construction cost: Direct cost, indirect cost, and social cost;
• Post-construction: Cost operation and maintenance.

The life cycle cost analysis (LCCA) for trenchless rehabilitation projects is calculated
by combining three key cost components: construction cost (C), environmental cost (E),
and social cost (S), as expressed in Equation (9):

LCCA = CC + EC + SC (9)

This method requires careful consideration of material service life, ensuring the costs
of replacing limited-life materials are balanced with initial investments. To account for the
monetary differences over time, Equation (10) provides a framework for evaluating the
total effective cost of various trenchless rehabilitation methods [71,72]:

EC (LCCA) = LCCA ×
{

1 +
(1 + I)n

(1 + i)

}
(10)

where
EC(LCCA): Total effective cost.

https://www.minitab.com
https://www.microsoft.com/excel
https://simapro.com/
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LCCA: Life cycle cost analysis expressed in current dollars.
I: Inflation rate throughout the project period.
i: Interest rate applicable during the project period.
n: Number of years until disposal or the end of the design life.

Figure 6. Total cost categories (adapted from [8]).

The methodology of the research includes a systematic process designed for the de-
velopment and analysis of machine-learning models, emphasizing a structured approach
to data and cost evaluation. It begins with a comprehensive data collection and literature
review, followed by an exploration of case studies and previous studies to establish foun-
dational knowledge. The process then integrates various costs (construction, social, and
environmental) using their respective methods, such as machine learning for construction
costs, equations for social costs, and SimaPro for environmental costs. This is combined
into a life cycle cost evaluation framework. The methodology incorporates supervised and
unsupervised machine-learning techniques. The models are trained, tested, and iteratively
refined to identify the optimal solution, culminating in the presentation of results and
conclusions. The methodology of the life cycle cost prediction is depicted in the flowchart
(Figure 7).
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Figure 7. Life cycle cost evaluation flowchart.

4. Evaluation, Conclusions, and Recommendations
This study underscores the critical importance of adopting a comprehensive life cycle

cost analysis (LCCA) framework to evaluate the economic and environmental trade-offs
in trenchless pipeline renewal methods. By aggregating the social, environmental, and
construction costs associated with CIPPT renewal and ET, a holistic understanding of
their impacts is achieved. The literature review demonstrates that CIPPT offers significant
advantages in reducing environmental burdens, including lower greenhouse gas emissions
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and resource consumption, while also minimizing indirect social costs, such as traffic
disruption and public inconvenience.

Furthermore, the analysis highlights the necessity of tailoring LCCA approaches
to account for project-specific factors, such as pipe size, location, and end-of-life design
considerations. For small, medium, and large-diameter pipeline projects, the methodology
provides a scalable tool for municipalities and engineers to make informed decisions
that balance cost efficiency with sustainability goals. The inclusion of actual case studies
and empirical data reinforces the applicability of this framework in real-world scenarios,
enabling a nuanced comparison of the cumulative costs associated with sanitary sewer
rehabilitation methods.

Overall, this research emphasizes that adopting trenchless technologies like CIPPT can
yield substantial cost savings and environmental benefits over their life cycle, positioning
them as preferred solutions in the sustainable development of underground infrastructure.
By integrating LCCA into planning and decision making, stakeholders can enhance the
economic viability, environmental integrity, and social acceptance of infrastructure renewal
projects, ensuring long-term benefits for communities.

The LCCA framework presented in this paper serves as a valuable tool for comparing
alternative trenchless rehabilitation methods for sanitary sewer pipes. Its primary advan-
tage lies in its ability to support decision making by identifying the most cost-effective
rehabilitation method for trenchless projects. Project managers often aim to maximize the
efficiency of capital budgets while addressing the extensive needs for pipeline rehabilita-
tion within utility systems. A thorough LCCA not only helps select the best alternative
based on more than just the lowest initial costs but also aids decision makers in making in-
formed, long-term choices for their clients. Future LCCA studies are encouraged to explore
applications for storm and sanitary sewers across varying pipe lengths, sizes, and locations.

5. Contributions to the Body of Knowledge
This study makes significant contributions to advancing the understanding and ap-

plication of LCCA in pipeline rehabilitation, particularly in the comparison of ET and TT,
including CIPPT. One of the primary contributions is the development of a comprehensive
LCCA framework that integrates construction, environmental, and social costs. Unlike ex-
isting approaches that often focus narrowly on one or two cost dimensions, this framework
enables a holistic evaluation of pipeline rehabilitation methods, providing a more robust
basis for long-term decision making.

The study also addresses critical gaps in the application of LCCA by incorporating
advanced tools, such as SimaPro and TRACI 2.1, to quantify the environmental impacts and
convert them into cost metrics. This integration bridges the disconnect between environ-
mental assessments and economic analyses, ensuring that environmental factors, such as
greenhouse gas emissions, material usage, and energy consumption, are systematically in-
cluded in LCCA evaluations for ET and TT. Furthermore, the research incorporates dynamic
social cost components—such as traffic disruptions, noise pollution, and detour-related
road damage—into the LCCA framework, highlighting their significance in determining
the true life cycle costs of rehabilitation methods.

Another key contribution lies in the empirical validation of the LCCA framework
across diverse project conditions, including varying pipeline diameters, subsurface char-
acteristics, and urban versus rural settings. By providing granular insights into the cost
effectiveness of CIPPT under different scenarios, this study ensures that the LCCA frame-
work is both scalable and adaptable, enhancing its relevance for real-world applications.

Ultimately, this research not only extends the theoretical understanding of LCCA but
also provides a practical tool for municipalities, engineers, and policymakers to optimize
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rehabilitation strategies. By aligning economic, environmental, and social considerations,
the study promotes sustainable infrastructure management and sets a benchmark for future
LCCA applications in underground utility systems.

6. Research Gaps
Although LCCA has emerged as a critical tool for evaluating the economic, environ-

mental, and social implications of infrastructure projects, its application to comparing ET
and TT, specifically CIPPT, remains underexplored. Existing studies often focus on individ-
ual cost components—such as direct construction costs or emissions—without providing a
comprehensive, integrated framework that considers the full spectrum of LCCA categories:
construction, environmental, and social costs. This fragmented approach limits the ability
to holistically assess the long-term benefits and trade-offs of TT and ET methods.

Moreover, while CIPPT is recognized for its efficiency and reduced surface disruption,
its life cycle costs under varying conditions—such as pipe diameter, material types, urban
density, and subsurface characteristics—are insufficiently studied. The current LCCA
models fail to adequately incorporate dynamic project variables, such as variations in
fuel consumption due to detours, extended traffic delays, and region-specific regulatory
impacts. Additionally, many LCCA studies lack empirical validation, relying instead
on theoretical assumptions that do not capture the complexity of real-world pipeline
rehabilitation projects.

Environmental impact assessments using tools like SimaPro and TRACI 2.1 are also
underutilized in LCCA frameworks for CIPPT and ET. While these tools provide valuable
insights into emissions and resource use, their integration into cost analysis frameworks
is incomplete, particularly in translating environmental impacts into quantifiable costs
for decision making. Furthermore, the social cost factors—such as productivity losses
due to noise, road damage from detours, and community disruptions—are inconsistently
quantified and rarely compared across TT and ET methodologies in existing LCCA studies.

To address these gaps, there is a pressing need for a standardized LCCA framework
tailored to pipeline rehabilitation methods, incorporating validated data from diverse
geographic regions and project types. Such a framework would enable stakeholders to
make well-informed, sustainable decisions that balance economic, environmental, and
social objectives over the full life cycle of sanitary sewer systems.
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LCCA Life Cycle Cost Analysis
CIPPT Cured-in-Place Pipe Technology
ET Excavation Technologies
TT Trenchless Technology
TRACI Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts
EPA Environmental Protection Agency
ASCE American Society of Civil Engineers
VOC Volatile Organic Compounds
EIA Environmental Impact Assessment
NPV Net Present Value
AADT Average Annual Daily Traffic
USD United States Dollar
m2 Square Meter
ft Foot
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