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Abstract: The construction sector is one of the principal contributors to carbon dioxide emissions
(CDEs) and has a vital role to play in responding to the issue of long-term environmental sustainability.
This research proposes a process-based hybrid life-cycle assessment (LCA) method depending on
a process-based LCA and an input–output LCA. The process-based hybrid LCA model provides a
supplementary method to quickly estimate carbon emissions that are not considered in the system
boundary due to the limitation of inventory data. The proposed hybrid method was applied to a
carbon emissions assessment in a slurry shield tunnel. The results suggest that 93.88% of emissions
are from materials. Of the materials contribution, 55.9% comes from steel and 34.55% arises from
concrete. It has also been found that emissions during the tunneling stage are negatively correlated
with the efficiency of tunnel construction. Recommendations for carbon emissions reductions in
tunnel construction are provided for promoting sustainable transportation and management.

Keywords: greenhouse gas emissions; sustainability; tunnel construction; process-based hybrid
life-cycle assessment

1. Introduction

The world will now encounter the biggest wave of climate hazards over the next two
decades with a global warming temperature of 1.5 ◦C (2.7 ◦F), thereby posing a grave and
mounting threat to both nature and human wellbeing [1]. Human-induced climate change
is causing unequivocal and widespread impacts, some of which are long-lasting and, in
some cases, irreversible. Increasingly, droughts, floods and heatwaves will be triggered by
increased weather extremes in the wake of climate change. The human influence on climate
change is reflected in both the growing scientific literature and in people's perception
worldwide. Accelerated actions will, thus, be required to respond to the increasing risks
brought by climate change. Making rapid and deep cuts in greenhouse gas (GHG) emissions
is central to reducing risks and vulnerability from climate change. GHG emissions are
usually seen as the prime villains in the debate on global warming [2]. A global challenge
calls for global efforts. Realizing this pressing issue, many countries have been mapping
out strategies or measures in an effort to address climate risks and to meet their carbon
reduction targets. For instance, the United States (US), by not only funding projects that
focus on reducing carbon emissions but also by investing in technologies that help unleash
their potential for increasing the remanufacturing or recycling of industrial materials, is
heading to a net-zero greenhouse gas economy according to the US Department of Energy
(DOE) [3]. China has unveiled working guidelines that aim for the goal of peaking carbon
emissions by 2030 and achieving carbon neutrality by 2060, at the same time as honoring its
climate commitment. As the guidelines show, China’s CO2 emissions per unit of GDP are
projected to be lower by 18% compared with the 2020 level by 2025 [4]. Equally, according
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to European Climate Law, it is anticipated that the European Union (EU) will increase its
GHG emissions reduction target for 2030 to at least 50% compared with 1990 levels and has
presented its objective of achieving net-zero GHG emissions by 2050 [5].

The infrastructure construction sector, characterized by a gargantuan consumption
of energy and materials, is regarded as a significant source of GHG emissions, as well as
one of the major contributors to global carbon emissions [6,7]. Together with the building
sector, the infrastructure construction sector accounts for 38% of global carbon emissions [1],
demonstrating the key role of these sectors in cutting emissions. Notably, growing pop-
ulations and rapid urbanization, particularly in Asia and Africa, will further facilitate
the surging demands for infrastructure construction. Many construction sites are highly
resource- and energy-consuming. This highlights the urgency of addressing construction-
related emissions, which are being released into the atmosphere, as we continue to extract
and manufacture materials and products for construction projects.

Tunnel construction, commonly referred to as the highest energy- and material-dense
sector in transportation infrastructure, intensively consumes prodigious amounts of energy
and materials [8]. China’s road tunnels are developing rapidly. Over the past 100 years, China
has built 15,025 road tunnels with a total length of more than 14,000 km. From 2013 to 2016,
the total length of Chinese road tunnels increased by 4434 km. According to [9], over the last
decade, governments and researchers have shown more concern over the GHG emissions
associated with tunnel construction. With the number of Chinese tunnels growing, studies on
GHG emissions from tunnel construction are, therefore, urgently needed.

Process-based life-cycle assessments (P-LCAs), one of the LCA methods, have been
widely used to evaluate the GHG emissions from tunnel construction. For example,
Li et al. [10] used the P-LCA method to calculate the GHG emissions during the construc-
tion of new highway tunnels in China and ascribed most of the endogenous GHG emissions
to the equipment powered by fossil fuel combustion motors for tunnel construction. These
fossil fuels include gas, diesel, oil, coal and asphalt. The GHG emissions generated by
diesel consumption are at a high level, with a proportion of over 90% in comparison with
other fuel types in tunnel building. Subsequently, Miliutenko et al. [8], in Sweden, using the
P-LCA method, analyzed the carbon emissions from a road tunnel. From the perspective of
life cycles, this study took into consideration the emissions during not only the construction
phase but also the operational life. Similarly, Huang et al. [11], applying the LCA method to
quantify the emissions of rock tunnels in Norway, concluded that GHG emissions should be
taken into account from the early planning phase to the end-of-life phases. During the same
year, Huang et al. [12], in Shanghai, described the GHG emissions in a tunnel, pointing out
the differences between the emissions of different machines and the importance of driving
speed for fuel consumption during the construction period.

Rodríguez and Pérez [13], based on the LCA method, developed a simplified calcula-
tion model for analyzing the GHG emissions of tunnels under construction and applied it
to estimate the GHG emissions associated with tunnels excavated in medium–low-strength
rock masses by using roadheaders or hydraulic breaker hammers. To detect the impacts of
varying parameters on emissions, they employed the model in several cases and carried
out an analysis of seven different tunnels in Asturias (northwest Spain). From the results
that about 80% of GHG emissions were related to the concrete used in the tunnel, they
attributed the largest contribution to GHG emissions to the production of concrete used
in both supporting and lining the tunnel under construction. However, it was thanks to
the applied simplification that the scope of the study was, to a certain extent, limited. For
instance, when it came to the GHG emissions related to excavation, rock waste removal
or auxiliary services, simply the emissions related to the work of machinery fueled by
energy, both electricity and fuel, were calculated, whereas they dismissed materials from
their consideration. And when estimating the GHG emissions associated with the support
installation and lining, their work was exclusively concerned with emissions related to the
manufacturing and transport of the materials, purely including concrete and steel, while
those emissions related to the energy use of construction machines were neglected.
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Finally, it has to be pointed out that P-LCA has become a globally accepted method
for evaluating carbon emissions. Yet there are few studies that focus on carbon emissions
during the slurry shield tunnelling. Most research on GHG emissions during the tunnel
construction focuses on road tunnels or highway tunnels. The number of works on GHG
emissions from the slurry shield tunnelling that we can find in the specialized literature is
rather low. Moreover, the system boundary of using P-LCA is quite subjective. In other
words, different researchers who use P-LCA will select different system boundaries when
studying the same tunnel project. Therefore, it can be seen that most researchers who
adopted the P-LCA method tended to disregard inputs that may not be substantial in order
to make the method more applicable to their case study, thereby making it less possible to
gain and acquire a more rounded assessment.

To encapsulate, there exist three main problems in studies on GHG emissions at the
tunnel construction stage. First, the system boundary selection when using the P-LCA method
is subject to the quality of inventory analysis of the case project. Often, due to the loss of data,
inputs that play a relatively minor role in tunnel construction have been overlooked frequently,
and those GHG outputs remain unclear. Second is to introduce a new method of solving the
problem that studies focusing on the emissions from tunnel construction have always been
restricted by limitations due to the use of one single method. Although various methods of
calculating the GHG emissions caused in the construction phase of the life cycle have been
proposed, these methods cannot be developed for the accurate measurement of emissions
from tunnel construction. The third is to provide an estimation method when the carbon
emissions factors do not include indirect emissions. For example, some previous studies have
failed to consider indirect inputs like upstream fuel.

For this reason, we have detected a gap in terms of studies or results related to emissions
during tunnel construction by a hybrid method and thereby generated an idea of a combina-
torial strategy for addressing the emissions that have been ignored. This study is intended to
define a hybrid LCA method to calculate GHG emissions, suggesting different LCA methods,
including process-based LCA and I-O LCA, to determine the amount of energy and materials
used in different phases of the tunnel under construction. The hybrid LCA method described
herein can be seen as a combination of process and the I-O LCA method. The article first
explored and analyzed the strengths and limitations of these two methods, which aims to
produce a comprehensive analysis that includes economy-wide effects in addition to on-site
construction activities. After comparative analysis of two methods, a hybrid LCA model will
be developed and introduced to estimate the GHG emissions during the tunnel construction.
This hybrid model has been utilized for calculating the GHG emissions of a tunnel in China.
Sections 4.2 and 4.3 describe the main findings of this research and present possibilities for
capturing and reducing GHG emissions.

Herein lie the main features of the proposed hybrid method:

• Flexible: It can be used as two different methods to estimate the GHG emissions
during different phases of a tunnel. Instead of one single method, we opt for one
method or the other or both, depending on site conditions, data category, local market,
etc. It will be possible to adjust the carbon emissions factors according to the country
or region specifics.

• Effective and time-saving: The task of calculating the GHG emissions, especially by
P-LCA, is data-intensive and time-consuming. With the I-O LCA method based on the
monetary value and conversion factor to CO2, we can make a rapid calculation of GHG
emissions. The P-LCA method is not efficient enough to achieve the calculation target
under severe missing data circumstances. This hybrid approach may be effective by
completing missing data in the life-cycle inventory.

• Easy to implement: No special skills are required for its practice. The simplicities of the
proposed hybrid method are based on the following: (a) the budget quota and energy
consumption of tunnel construction; (b) the use of the conversion factor method to
convert the amount of energy and materials consumed into GHG emissions; (c) focus
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not on the whole life cycle but on the construction phase of a tunnel; (d) only account
for the CO2 emissions and not for other gas emissions.

• Provide a holistic view of GHG emissions: This hybrid approach could provide a
rounded analysis of the emissions associated with materials production, materials
materialization, materials transportation and off-road machinery. It can not only
address those emissions arising from auxiliary materials (grease, bentonite, PVC pipe
and rubber material) but also provide a method to estimate the emissions during the
upstream fuel when carbon emissions factors do not consider indirect emissions.

2. Research Background
2.1. Carbon Emissions during the Tunnel Construction Process

The sources of carbon emissions associated with the tunnel construction roughly
include the following: building materials production and transportation, material ma-
terialization, off-road machinery, upstream indirect fuel, personnel and environmental
implication. Given that personnel factors vary considerably across the whole phase of a
tunnel under construction, the emissions related to human activities including both peo-
ple’s living and working are not taken into consideration. The environmental impacts such
as emissions that pertain to the surrounding traffic congestion triggered by the construction
project are usually neglected due to being a tiny share of the total. In this study, the carbon
emissions factors include indirect emissions; therefore, we summarize four major sources
of emissions during the whole process of tunnel construction, as shown in Figure 1.
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Figure 1. System boundary.

1. Materials production: The main materials considered are cement, steel bars, sand and
gravel aggregates, etc., and auxiliary materials, including PVC pipe, adhesive, steel
molds and wooden molds.

2. Materials materialization: This mainly includes the production, maintenance and
installation of prefabricated components and the work of casting.

3. Materials transportation: It involves raw materials and prefabricated components
transportation around the construction site.

4. Off-road machinery: It mainly refers to construction machinery needed to perform
tasks during the course of tunneling, including shield tunneling, slurry treatment and
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recycle, casting, lining and auxiliary services including ventilation and light during
construction.

2.2. Life-Cycle Assessment Background

LCA is commonly referred to as a methodology to holistically estimate and manage the
effects on the environment exerted by a product or process from the perspective of its entire
life cycle, which could help facilitate emissions reduction measures. It consists of goal and
scope definitions, life-cycle inventory (LCI) analysis, life-cycle impact assessment (LCIA)
and interpretation. LCA relies on robust raw data and tools, expertise to interpret the results
and transparency in data sources and methodology to ensure the outputs support decision
making that minimizes negative environmental impacts. The two primary LCA methods
are process-based LCA (P-LCA) and input–output LCA (I-O-LCA) [14,15]. The former
can be deemed as a bottom-up model, whereas the latter is viewed as a top-down model.
Parenthetically, many approaches that rely on either top-down or bottom-up thinking have
been widely used for forecasting and estimating domestic energy consumption and carbon
emissions [16]. There are pros and cons of each approach, and a summary of strengths and
weaknesses is displayed in Table 1 [17–20].

Table 1. Comparisons between P-LCA and I-O-LCA models.

P-LCA I-O-LCA

Advantages

Detailed analysis of specific
processes Objective boundary selection

Product comparisons Economy-wide, system LCA

Simple principle Publicly available and
fast-update data

Easy to achieve Take indirect inputs into
account

Identify process
improvements

Disadvantages

Subjective boundary selection Aggregated level of data

Truncation error Difficult to identify the
process improvements

Take no account of indirect
inputs

No detailed analysis of
specific processes

Lack of comprehensive in
certain cases Uncertainty

Data-intensive and
time-consuming

Poor timeliness

Uncertainty

2.3. P-LCA Model for GHG Emissions during Tunnel Construction
2.3.1. GHG Emissions Released from Materials Used

The P-LCA method, based on both materials consumption and corresponding carbon
emission factor, is applied to calculate the total GHG emissions EM,P according to Equation (1),
in which EM,P represents the main material carbon emissions calculated by the P-LCA method,
i refers to the type of material, efi is the carbon emission factor of material i and mi denotes the
material consumption.

EM,P = ∑
i

e fi × mi (1)
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2.3.2. GHG Emissions Produced during Materials Transportation

To move the materials from place to place, transport vehicles need gasoline, diesel and
electricity energy as driving forces. Thus, emissions will emerge from the fuels consumed
by the trucks or mixing vehicles that are utilized to transport prefabricated components
from the prefabricated site to the tunnel construction site. The GHG emissions caused by
the energy consumption can be calculated as shown in Equation (2):

ET,P = ∑
i

e fi × vi × ni (2)

where ET,P is the carbon emissions during materials transportation, i is the type of vehicle,
efi is the conversion emission factor of fuel for vehicle i, vi is the consumption amount of
fuel for vehicle i per hour and ni is the working hours for vehicle i.

2.3.3. GHG Emissions Emitted by Off-Road Machinery during the Excavation

To ensure that the equipment is running and performing its task, the emissions will
come from energy consumed by the equipment. The diesel fuel used, completed with the
electricity consumed, comprises two sources of emissions. The carbon emissions caused by
off-road machinery can be estimated according to Equation (3):

EO,P = ∑
i

e fi × vi × ni (3)

where EO,P represents the carbon emissions caused by off-road machinery, i refers to the
type of machinery, efi is the conversion emission factor of fuel for equipment i, vi denotes
the consumption amount of fuel for equipment i per hour and ni is the working hours for
equipment i.

2.4. I-O-LCA Model for GHG Emissions during Tunnel Construction
2.4.1. GHG Emissions Released from Materials Used

The I-O-LCA method is based on the monetary value of building materials, and it is
viable that these materials are incorporated into the I-O construction sectors. In this way,
the carbon emissions EM,IO produced from auxiliary materials can be, in effect, worked
out according to the input–output-based LCA Equation (4), where i refers to the type of
material, vi represents the material value and efi denotes the carbon emission factor of the
building material sector.

EM,IO = ∑
i

e fi × vi (4)

2.4.2. GHG Emissions Produced during Materials Transportation

As shown in Formula (5), the emissions (Etrans,IO) can be calculated by multiplying the
cost of material transportation (vi) by the conversion factor of the transportation sector (efi).

Etrans,IO = ∑
i

e fi × vi (5)

2.4.3. GHG Emissions Emitted by Off-Road Machinery during the Excavation

The emissions can be achieved by the I-O-LCA method that multiplies the construction
cost budget of the project by the carbon emission factor of the corresponding construction
sector, as shown in Equation (6):

EO,IO = ∑
i

e fi × vi (6)

where vi denotes the construction cost budget of the project, efi represents the conversion
factor of the corresponding construction sector and EO,IO is the emissions calculated by the
I-O-LCA method.
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3. Hybrid Model Development

To help identify the hot spots of GHG emissions during the tunnel construction and
gain a detailed analysis of the specific process, the process-based hybrid method (P-based
H-LCA) is more suitable than the input–output-based hybrid method (IO-based H-LCA). In
other words, P-LCA is a primary method, while I-O-LCA is a complementary method when
it comes to GHG emissions during tunnel construction. The hybrid process-based method
replaces the missing data from the process analysis with known input–output data, while the
unknown data in the input-output analysis will be displaced by the known data in the process
analysis by using the input–output-based hybrid method. This hybrid-based approach aims
to minimize the impacts of missing data in the product or in the analysis process.

The aim of this work is to develop a hybrid model that could help researchers consider
as many sources of carbon emissions as possible. Emissions during the construction of a
tunnel can be credited to these four sources, namely materials production, material materi-
alization, materials transportation and off-road machinery. The hybrid model structure is
shown in Figure 2. Particularly, the GHG emissions from upstream indirect fuel should be
estimated when the carbon emissions factors do not consider indirect emissions.
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3.1. Method Slection Discussion
3.1.1. Materials Production

The emissions will be generated from energy consumed for the production of materials.
Materials used for tunnel construction are categorized into two types: main materials and other
auxiliary materials. The main materials involved are cement, steel, aggregate and concrete
made with compound materials. The auxiliary materials considered include PVC pipe, grease,
guard bar and adhesive. The conversion factors of main materials, compared to that of
auxiliary materials, are accessible to researchers, which makes it more suitable to calculate the
emissions released from the main materials by using the P-LCA method. Conversely, there is
scarcely any record for the conversion factor of auxiliary materials. Many studies have failed
to take these materials into account as a result of diminutive consumption, thereby limiting
the accuracy of carbon emissions calculations in large part. Emissions related to auxiliary
materials will be due to their minimal inputs neglected. However, thanks to the available
monetary value on these auxiliary materials, it is viable that these materials are incorporated
into the I-O construction sectors. In this way, the carbon emissions produced from auxiliary
materials can be, in effect, worked out according to the I-O-LCA method. Moreover, when
carbon emissions factors of materials do not consider the indirect emissions, these indirect
emissions arising from upstream fuel could be estimated by I-O-LCA, completing the system
border of emissions from materials production.
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3.1.2. Material Materialization

During the phase of material materialization, emissions will mainly come from the
equipment that uses electrical energy to perform the tasks of production, maintenance
and installation of prefabricated components and the work of casting. Due to the lack
of information on the value or cost, using the I-O-LCA approach is less available. GHG
emissions can be calculated with Equation (3).

3.1.3. Materials Transportation

When the inventory data of materials transportation are complete, it is suggested that
GHG emissions during materials transportation should be calculated with P-LCA. However,
when the variety of sources of building materials, the transportation mode and transportation
distance of building materials from the production site to the prefabrication site are vastly
different, it is statistically troublesome. Calculating carbon emissions under this circumstance
will be time-consuming. In order to quickly estimate the carbon emissions produced during
materials transportation, using the I-O-LCA approach may lead to progress.

3.1.4. Off-Road Machinery

When there are few types of mechanical inputs, the carbon emissions caused by off-
road machinery can be estimated according to Equation (3). However, when there are
various types of mechanical inputs, it is rather tricky to figure out the energy consumption
of all types of machinery. To simplify this issue, the emissions can be achieved by the
I-O-LCA method that multiplies the construction cost budget of the project by the carbon
emission factor of the corresponding construction sector.

4. Case Study
4.1. Inventory Data

The described hybrid model has been used to estimate the GHG emissions produced
during the construction process of a tunnel project with the super-large-diameter slurry
shield method in Shenzhen, China. The system boundary of the tunnel construction is
shown in Figure 3. Based on the quality of inventory data from the case project, we only
use the I-O-LCA to roughly estimate the GHG emissions from auxiliary materials and use
the P-LCA method to calculate the remaining GHG emissions during tunnel construction.
The tunnel project is composed of 1001 rings. Limited by the amount of inventory data,
41 rings of the tunnel project are calculated.
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Tables A2–A5 summarize the energy consumption and types of materials, transporta-
tion vehicles and construction machinery utilized in different construction processes. The
material and fuel consumption for tunnel construction were directly obtained from the
“Highway Engineering Budget Quota” and tender [21]. The energy consumption per ring
was calculated with the hourly fuel or electricity consumption, given by the Chinese Na-
tional Unified Machinery Shift Cost [22]. The GHG emission factor is a key parameter
for converting the energy consumption into CO2 equivalent. And the data on material
emissions factors were obtained from the IPCC Guidelines and Chinese domestic literature,
as shown in Table A1 [23–28].

4.2. Results and Analysis

As shown in Table 2 and Figure 4, materials, materialization, materials transportation
and tunnelling, respectively, account for 93.88%, 2.22%, 1.45% and 2.45% of the whole
GHG emissions, demonstrating a leading role in fulfilling the goal of emissions reduction.
Specific processes during the four stages are listed in Figure 5. Those emissions from
auxiliary materials contribute 5.15% of all materials’ carbon emissions. By stark contrast,
the materialization, transportation and tunneling stage are responsible for less than 2.5% of
the GHG emissions, respectively.

Table 2. Average GHG emissions of each ring during the tunnel construction.

Value Materials (kgCO2) Materialization
(kgCO2)

Materials Transportation
(kgCO2)

Tunnelling
(kgCO2) Total (kgCO2)

Maximum 66,286.8 1566.5 986.0 825.7 69,665.0
Minimum 66,286.8 1566.5 1064.0 3015.7 71,933.0
Average 66,286.8 1566.5 1025.0 1733.0 70,611.3

Percentage 93.88% 2.22% 1.45% 2.45% 100%
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Figure 6 shows the GHG emissions of each ring during the tunnel construction and
indicates that materials with a much higher share of the total emissions can be viewed
as the main culprit in GHG emissions from tunnel construction. Due to the limitations
of calculation methods and boundary conditions, emissions generated by materials and
materialization during each ring of the tunnel construction are invariant. But it can be
found that emissions from materials transportation and tunneling change to some degree
as the ring number grows. Notably, the emissions attributed to tunneling vary considerably
in rings, with a maximum difference of more than three-times, as the process of tunneling
is subject to strata conditions, distance and efficiency at the construction stage, so the GHG
emissions can be affected by these factors. A summary of changes in GHG emissions
associated with these two processes throughout the whole construction period is given
in Figures 7 and 8. Statistically, it could be concluded that segment transfer and shield
tunneling contribute significantly, according to Figures 7 and 8.

Taking ideas from the figures above a step further, we made an analysis of GHG
emissions during four processes in tunnel construction that supports our goal to meet
carbon reduction targets.
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Figure 9 shows the source compositions of GHG emissions from materials used in each
ring of a tunnel. Reinforced concrete components such as tunnel segments and internal
structures, including mold, flue sheet and pavement, are major materials for construction,
accounting for 90.46% of the total GHG emissions of materials used in one-ring tunnel
construction. With steel and concrete responsible for 55.9% and 34.55% of the total GHG
emissions from materials for each ring, decarbonizing these two materials is one of the most
effective ways to restrain GHG emissions. Globally, cement and steel are two of the most
important sources of material-related emissions in construction. Although a one-ring tunnel
requires 24 m3 grouting slurry, grouting contributes a diminished share to the material-
related emissions because grouting slurry is mainly composed of materials characterized by
a small emission factor, including sand, bentonite, lime and others. Encouragingly, for these
and other auxiliary materials, including grease, bentonite, PVC pipe and rubber material
that have been overlooked frequently due to the minor inputs, GHG emissions from these
materials are calculated in this study by using the I-O-LCA approach that bases results on
the monetary value of these materials. Auxiliary materials account for 5.15% of the total
GHG emissions from materials.

Figure 9 also reveals that the segment standing out from many other materials has a
crucial role to play in emissions reductions. On the premise of stability and durability of the
tunnel, reducing the segment thickness and reinforcement ratio can help meet the carbon
reduction targets. Table 3 provides a comparison of carbon emissions from three types of
pipe segments. Type I refers to the original segment size and average reinforcement ratio;
Type II assumes that the thickness of the segment is 500 mm while the reinforcement ratio
remains unchanged; Type III is our third assumption that the reinforcement ratio is reduced
by 10% without altering the thickness of the segment. The results suggest that reducing
the cross-sectional size of the pipe segment appears to be an effective way to mitigate the
effects of GHG emissions from materials. However, this kind of carbon reduction measure
runs counter to the law of structural mechanics and threatens the stability and durability of
the tunnel, making this reduction measure difficult to justify in reality. Therefore, on the
premise of structural stability and durability, appropriately adjusting the reinforcement
ratio of segments could help to achieve materials GHG emissions reductions.
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Table 3. GHG emissions comparison of three types of segments.

Segment
Type

Thickness
(mm)

Steel Ratio
(kg)

Concrete
(m3)

Steel
(kg/m3)

Emissions
(kgCO2) Variation

I 600 179.3 58.6 179.3 37,865 100%
II 500 179.3 50.2 179.3 31,617 −16.5%
III 600 161.4 58.6 161.4 35,290 −6.8%

In Figure 10, GHG emissions arising from the stage of material materialization are
presented. The prefabricated segment is responsible for 75.34% of the total emissions
during the material materialization stage. To identify carbon reduction opportunities, a
detailed analysis of sources of emissions from the prefabricated segment is needed. As
Table 4 shows, the consumption of electricity gives rise to 699 kgCO2 in each ring. This
factor used a diesel boiler to produce steam for segment maintenance, and each ring of the
prefabricated segment generates 473 kgCO2 due to the input of diesel. It can be seen that
a small input of diesel yields a high output of emissions. By switching to low-carbon or
renewable energy sources instead of diesel, we can achieve the goal of emissions reductions
during the material materialization stage.
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Table 4. Sources of emissions caused by prefabricated segment.

Sources Value Unit Emission Factor
(kgCO2/Unit)

Emissions
(kgCO2)

Electricity 757 KWh 0.923 699
Diesel 178 L 2.655 473

The results of GHG emissions by materials transportation are illustrated in Figure 11.
It suggests that segment transfer accounts for 94.93% of the total materials transportation
emissions, thereby having a vital role to play in emissions reductions. But the truth is that
the whole stage of material transportation contributes to the minority of total emissions,
according to Table 2. In spite of that, we endeavor to seek emissions reductions. It has to be
pointed out that the segment prefabrication site and tunnel construction site are due to the
limitations of the whole project location being separate, leading to a lengthened distance
between the two sites. For this reason, emissions from segment transfer are subject to the
site conditions. These emissions will be greatly reduced if two sites are close enough. So,
avoid separating two sites, if possible.
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Despite the fact that the process of tunneling is responsible for 2.45% of total emissions
during the whole tunnel construction according to Table 2, it is necessary to analyze the
results so as to find measures to address carbon emissions during tunnel construction.
Figure 12 shows the compositions of GHG emissions at the tunneling stage, indicating
that shield tunneling is a process that deserves special attention. Often, guaranteeing the
smooth operation of the entire system requires auxiliary equipment that must be kept in
a working state. In other words, there is always a certain amount of emissions whether
the tunnel is advancing or not. Once the advancing tunnel ceases for certain reasons, the
equipment will continue to work, causing superfluous emissions. Therefore, emissions
during the tunneling process have a bearing on the efficiency of tunnel construction to a
great extent. To probe for a better understanding of the correlation between emissions and
efficiency of tunnel construction, we use the I-O-LCA approach to calculate the emissions
under different conditions that are differentiated by the efficiency of tunnel construction.
As Figure 13 indicates, the total carbon emissions will be about 4500 kgCO2 when the
shield stops working for 24 h. With the increase in the number of daily propulsion rings,
the average carbon emissions from shield construction show an exponential downward
trend. The figure shows that the average carbon emissions of the daily propulsion of three
rings are equivalent to 40% of the average carbon emissions of the daily propulsion of one
ring. When the daily rings grow to 10 rings, the average total carbon emission of the cycle
decreases to 1020 kgCO2. Therefore, from this perspective, improving the efficiency of
shield tunneling contributes significantly to reducing total carbon emissions. Efforts should
be made to avoid pauses in shield tunneling machines. It is suggested that at least three
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rings per day should be maintained, and the higher the efficiency of tunneling becomes,
the smaller the amount of average carbon emissions of the shield tunneling could be.
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4.3. Discussion

Chen et al. [29] adopted the P-LCA method to evaluate GHG emissions during the
construction of a metro shield tunnel in Guangzhou, China. The results show that the
GHG emissions of the materials and materialization phase, materials transportation phase,
and shield tunnelling and segment installation phase, respectively, account for 72.7%,
1.9% and 25.4% of the total GHG emissions from the entire construction process. Because
GHG emissions for segment installation are not considered in this study, the proportions
are quite different from the results. Li et al. [30] used the LCA method to quantitatively
analyze the GHG emissions during the construction process of a tunnel project with the
super-large-diameter slurry shield method in Shanghai, China. The research results reveal
that GHG emissions of materials, materialization, materials transportation and tunnelling,
respectively, account for 92.9%, 2.38%, 1.28% and 3.43%. The unit GHG emissions of
the four sections mentioned above are 56.55 tCO2, 1.45 tCO2, 0.76 tCO2 and 1.54 tCO2,
respectively. It can be found that the carbon emissions of the tunnel project in this study are
close to that of a case project in Shanghai. Su et al. [31] used the LCA method to evaluate
the resource and energy consumption intensities of metro construction stages. According to
the results, the GHG emissions of the materials production phase, materials transportation
phase and shield tunnelling phase, respectively, account for 75.3%, 1.7% and 23% of the
total GHG emissions from the entire construction.

It has to be pointed out that this study lacks uncertainty analysis and sensitivity analy-
sis for the data sources. And the carbon emissions factor selection needs improvements.
This study aims to provide a supplementary method to quickly estimate those emissions
that are not considered in the system boundary. This hybrid approach may serve as an
effective method for estimating GHG emissions, especially when there are no micro data
but aggregated data. It could be used as two different methods to estimate the GHG
emissions during different phases of a tunnel. Instead of one single method, we opt for one
method or the other or both, depending on site conditions, data category, local market, etc.
However, the more researchers that use the I-O-LCA method, the less accurate the results
become. It is suggested that researchers use P-LCA to consider as many sources of carbon
emissions as possible. And the rest of the GHG emissions could be estimated with the
I-O-LCA method. In this study, auxiliary materials are estimated with I-O-LCA, and the
rest of the GHG emissions are calculated with P-LCA, so the I-O-LCA method may have
slight error bars around the results. The selection of these two methods mainly depends on
the quality of inventory data.

5. Conclusions

The novelty of this study lies in the alternative method, especially when the system
boundary is not complete or when the carbon emissions factors do not consider indirect
emissions. This research proposed a process-based hybrid LCA model that combines the
P-LCA and I-O-LCA methods for evaluating the GHG emissions from tunnel construction.
A case study located in the south of China was conducted to test this hybrid model, and
another case project has been selected to validate the proposed hybrid method. This study,
using this hybrid method, ascertained the GHG emissions arising from auxiliary materials.

The hybrid method could be effective by completing data under severe missing data
circumstances with mixed methods. But approaches based on this hybrid model will differ
to some extent, depending on the level of upstream materials and energy in the local market
as well as the geological conditions. Owing to the data deficiency of upstream materials
and energy, the emissions associated with upstream fuel are not considered. And this study
mainly focuses on carbon emissions during the construction stage, which is a minor part of
the life cycle. The impacts of emissions from upstream fuel should be considered in future
studies. In this study, the main findings are listed as follows:

(1) The GHG emissions of the tunnels with 41 rings are 2895.07 × 103 t CO2 eq, with the
GHG emissions of each ring ranging from 69.68 × 103 t CO2 eq to 71.93 × 103 t CO2 eq.
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(2) Materials accounting for 93.88% of total emissions have a leading role in carbon
reductions. Among these materials, segments contributed most of the GHG emissions
associated with the materials. Altering the reinforcement ratio of segments can help
meet the materials GHG emission reduction targets on the premise of structural
stability and durability.

(3) During the material materialization stage, by switching to renewable energy sources
instead of diesel when producing steam for segment maintenance, the goal of emission
reductions during the stage can be achieved.

(4) GHG emissions from materials transportation are subject to the site’s location. Avoid-
ing separating the materials prefabrication site and tunnel construction site may lead
to great progress in reducing GHG emissions from transportation.

(5) GHG emissions during the tunneling stage have a significant bearing on the efficiency
of tunnel construction, and they are negatively correlated. The results suggest that at
least three rings per day should be maintained so as to reduce energy waste.
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Appendix A

Table A1. Emission factors of materials and fuels.

Material/Fuel Unit Emission Factors

C40 concrete [23] kg/m3 288.9
C60 concrete [23,26] kg/m3 222.3
Bolt [23,26] kg/kg 2.526
Grouting [23,26] kg/kg 71.4
Steel [26] kg/kg 2.364
Grease [27,28] kg/104CNY 3710
Bentonite [27,28] kg/104CNY 5420
PVC pipe [27,28] kg/104CNY 6232.2
Rubber [27,28] kg/104CNY 2210
Diesel [12] kg/L 2.655
Gasoline [12] kg/t 2.938
Electricity [12,24] kg/KWh 0.923

Table A2. Materials consumption worksheet for tunnel construction per ring.

Materials Specification Unit Quantity Cost (CNY)

Segment
Concrete m3 58.6 41,020
Steel kg 10,507 48,122

Mould
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Table A2. Cont.

Materials Specification Unit Quantity Cost (CNY)

Concrete m3 9.37 5809
Steel kg 1748 8005

Flue sheet
Concrete m3 20.12 12,475
Steel kg 2565 11,747

Pavement
Concrete m3 4.7 2915
Steel kg 855 3916

Bolt Bolt kg 4.7 2915
Grouting Grouting m3 855 3916
Grease Grease kg 200 23.50
Bentonite Bentonite t 3.8 300
PVC pipe PVC pipe m 4 260
Rubber material Rubber material ring 1 1840

Table A3. Average inputs of energy during the material materialization per ring.

Process Specification Fuel Energy Consumption
per Ring

Prefabricated
segment

Steaming boiler Diesel 178 L
Steel processing plant Electricity 55.5 kWh
Electric air
compressor Electricity 275.31 kWh

Vacuum chuck Electricity 246.05 kWh
Concrete mixing
plant Electricity 180 kWh

Prefabricated mould
Concrete mixing
plant Electricity 72 kWh

Steel processing plant Electricity 154.6 kWh
Prefabricated flue
sheet

Concrete mixing
plant Electricity 47.52 kWh

Steel processing plant Electricity 102.04 kWh
Flue sheet installation

Installation plant Electricity 29.7 kWh

Table A4. Average inputs of energy during the materials transportation per ring.

Process Specification Fuel Energy Consumption
per Ring

Transportation
vehicle

Steyr truck Gasoline 331.20 L
Delivery truck Gasoline 6.08 L
Double-ended lorry Gasoline 0.81 L
Lorry Gasoline 5.79 L
Concrete mixing
carrier Diesel 5.51 L
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Table A5. Average inputs into slurry tunneling per ring.

Process Specification Fuel Energy Consumption
per Ring

Slurry disposal
Disposing plant Electricity 1496.25 kWh
Roller screen Electricity 19.95 kWh
Spray Electricity 204.82 kWh
Water pump Electricity 129.01 kWh
Fluid pump Electricity 30 kWh
Shearing pump Electricity 55 kWh

Slurry delivery
Sludge feed pump Electricity 47.65 kWh
Sludge discharge Electricity 47.65 kWh
Relay pump Electricity 47.65 kWh

Shied tunneling
Cutter head driving Electricity 617.49 kWh
Cooling Electricity 25.38 kWh
Hydraulic assistance Electricity 135.34 kWh
Grouting Electricity 16.92 kWh
Electric air
compressor Electricity 33.83 kWh

Ventilation Electricity 5.92 kWh
Ground support
system

Lighting Electricity 16.27 kWh
Ventilation Electricity 41.84 kWh
Electricity for
working Electricity 41.80 kWh

Water discharge
pump Electricity 25.57 kWh

Machine repair room Electricity 30.22 kWh
Crane Electricity 74.38 kWh

Table A6. GHG emissions from materials of the tunnel (kgCO2).

No. Segment Mould Flue
Sheet Pavement Bolt Grouting Grease Bentonite PVC

Pipe
Rubber
Material

Total
Emissions

1 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
2 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
3 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
4 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
5 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
6 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
7 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
8 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
9 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287

10 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
11 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
12 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
13 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
14 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
15 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
16 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
17 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
18 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
19 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
20 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
21 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
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Table A6. Cont.

No. Segment Mould Flue
Sheet Pavement Bolt Grouting Grease Bentonite PVC

Pipe
Rubber
Material

Total
Emissions

22 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
23 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
24 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
25 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
26 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
27 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
28 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
29 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
30 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
31 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
32 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
33 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
34 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
35 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
36 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
37 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
38 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
39 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
40 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287
41 37,865 6839 3379 11,876 1149 1761 1743 618 648 407 66,287

Table A7. GHG emissions during the material materialization (kgCO2).

No. Prefabricated
Segment

Prefabricated
Mould

Prefabricated
Flue Sheet

Prefabricated
Casting

Flue Sheet
Installation

Total
Emissions

1 1173 209 138 9 27 1557
2 1173 209 138 9 27 1557
3 1173 209 138 9 27 1557
4 1173 209 138 9 27 1557
5 1173 209 138 9 27 1557
6 1173 209 138 9 27 1557
7 1173 209 138 9 27 1557
8 1173 209 138 9 27 1557
9 1173 209 138 9 27 1557

10 1173 209 138 9 27 1557
11 1173 209 138 9 27 1557
12 1173 209 138 9 27 1557
13 1173 209 138 9 27 1557
14 1173 209 138 9 27 1557
15 1173 209 138 9 27 1557
16 1173 209 138 9 27 1557
17 1173 209 138 9 27 1557
18 1173 209 138 9 27 1557
19 1173 209 138 9 27 1557
20 1173 209 138 9 27 1557
21 1173 209 138 9 27 1557
22 1173 209 138 9 27 1557
23 1173 209 138 9 27 1557
24 1173 209 138 9 27 1557
25 1173 209 138 9 27 1557
26 1173 209 138 9 27 1557
27 1173 209 138 9 27 1557
28 1173 209 138 9 27 1557
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Table A7. Cont.

No. Prefabricated
Segment

Prefabricated
Mould

Prefabricated
Flue Sheet

Prefabricated
Casting

Flue Sheet
Installation

Total
Emissions

29 1173 209 138 9 27 1557
30 1173 209 138 9 27 1557
31 1173 209 138 9 27 1557
32 1173 209 138 9 27 1557
33 1173 209 138 9 27 1557
34 1173 209 138 9 27 1557
35 1173 209 138 9 27 1557
36 1173 209 138 9 27 1557
37 1173 209 138 9 27 1557
38 1173 209 138 9 27 1557
39 1173 209 138 9 27 1557
40 1173 209 138 9 27 1557
41 1173 209 138 9 27 1557

Table A8. GHG emissions during the materials transportation (kgCO2).

No. Segment
Transfer Segment Mould Flue Sheet Grouting Internal

Materials
Total

Emissions

1 973.08 1.66 0.22 0.73 1.36 8.96 986.00
2 973.08 2.47 0.33 1.10 2.02 8.96 987.96
3 973.08 3.27 0.43 1.47 2.67 8.96 989.89
4 973.08 4.09 0.54 1.83 3.34 8.96 991.84
5 973.08 4.90 0.65 2.20 4.00 8.96 993.80
6 973.08 5.71 0.76 2.57 4.67 8.96 995.75
7 973.08 6.52 0.87 2.93 5.33 8.96 997.69
8 973.08 7.33 0.98 3.30 6.00 8.96 999.65
9 973.08 8.14 1.09 3.67 6.65 8.96 1001.59
10 973.08 8.96 1.19 4.03 7.32 8.96 1003.54
11 973.08 9.76 1.30 4.40 7.98 8.96 1005.48
12 973.08 10.57 1.41 4.76 8.65 8.96 1007.44
13 973.08 11.39 1.52 5.13 9.31 8.96 1009.39
14 973.08 12.07 1.63 5.50 9.98 8.96 1011.21
15 973.08 13.00 1.74 5.86 10.64 8.96 1013.29
16 973.08 13.82 1.85 6.23 11.31 8.96 1015.24
17 973.08 14.63 1.95 6.60 11.97 8.96 1017.20
18 973.08 15.43 2.06 6.96 12.64 8.96 1019.14
19 973.08 16.25 2.17 7.33 13.30 8.96 1021.09
20 973.08 17.06 2.28 7.70 13.97 8.96 1023.05
21 973.08 17.88 2.39 8.06 14.63 8.96 1025.00
22 973.08 18.68 2.50 8.43 15.30 8.96 1026.94
23 973.08 19.49 2.61 8.80 15.96 8.96 1028.90
24 973.08 20.31 2.71 9.16 16.63 8.96 1030.85
25 973.08 21.12 2.82 9.53 17.29 8.96 1032.81
26 973.08 21.92 2.93 9.90 17.96 8.96 1034.75
27 973.08 22.74 3.04 10.26 18.62 8.96 1036.70
28 973.08 23.55 3.15 10.63 19.29 8.96 1038.66
29 973.08 24.37 3.26 11.00 19.95 8.96 1040.61
30 973.08 25.17 3.37 11.36 20.62 8.96 1042.55
31 973.08 25.98 3.48 11.73 21.28 8.96 1044.51
32 973.08 26.80 3.58 12.09 21.95 8.96 1046.46
33 973.08 27.60 3.69 12.46 22.61 8.96 1048.41
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Table A8. Cont.

No. Segment
Transfer Segment Mould Flue Sheet Grouting Internal

Materials
Total

Emissions

34 973.08 28.41 3.80 12.83 23.28 8.96 1050.36
35 973.08 29.23 3.91 13.19 23.95 8.96 1052.31
36 973.08 30.04 4.02 13.56 24.61 8.96 1054.27
37 973.08 30.84 4.13 13.93 25.28 8.96 1056.21
38 973.08 31.66 4.24 14.29 25.94 8.96 1058.17
39 973.08 32.47 4.34 14.66 26.61 8.96 1060.12
40 973.08 33.28 4.45 15.03 27.27 8.96 1062.07
41 973.08 34.06 4.56 15.39 27.94 8.96 1063.99

Table A9. GHG emissions arising from tunneling (kgCO2).

No. Slurry Disposal Slurry Delivery Shield Tunneling Ground Support
System Total Emissions

1 694.74 65.91 497.78 123.41 1381.84
2 694.74 65.91 497.78 123.41 1381.84
3 694.74 65.91 497.78 123.41 1381.84
4 694.74 65.91 497.78 123.41 1381.84
5 694.74 65.91 497.78 123.41 1381.84
6 694.74 65.91 497.78 123.41 1381.84
7 596.07 64.70 597.74 170.66 1429.17
8 596.07 64.70 597.74 170.66 1429.17
9 315.48 65.91 389.05 55.29 825.72

10 315.48 65.91 389.05 55.29 825.72
11 444.24 112.33 535.52 203.79 1295.88
12 414.71 69.04 551.77 113.99 1149.51
13 627.27 64.52 504.14 73.11 1269.03
14 531.56 62.49 484.76 59.07 1137.87
15 427.72 48.73 546.97 79.56 1102.99
16 427.72 48.73 546.97 79.56 1102.99
17 427.72 48.73 546.97 79.56 1102.99
18 705.36 74.95 941.83 304.41 2026.55
19 705.36 74.95 941.83 304.41 2026.55
20 705.36 74.95 941.83 304.41 2026.55
21 705.36 74.95 941.83 304.41 2026.55
22 522.60 78.17 891.07 199.37 1691.21
23 545.87 103.65 762.21 244.97 1656.69
24 594.50 172.32 632.63 283.55 1683.00
25 578.17 151.37 788.98 301.63 1820.16
26 578.17 151.37 788.98 301.63 1820.16
27 578.17 151.37 788.98 301.63 1820.16
28 578.17 151.37 788.98 301.63 1820.16
29 578.17 151.37 788.98 301.63 1820.16
30 668.07 196.23 993.42 285.95 2143.67
31 668.07 196.23 993.42 285.95 2143.67
32 668.07 196.23 993.42 285.95 2143.67
33 668.07 196.23 993.42 285.95 2143.67
34 668.07 196.23 993.42 285.95 2143.67
35 651.91 214.14 1102.70 227.79 2196.55
36 425.41 251.15 1212.64 322.59 2211.79
37 857.09 276.99 1409.89 471.75 3015.72
38 731.75 285.30 887.83 330.43 2235.31
39 704.24 278.75 840.21 324.35 2147.55
40 777.17 303.39 1411.73 92.21 2584.50
41 682.29 296.75 1502.92 262.59 2744.55
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