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HIGHLIGHTS

+ A simplified COz calculation model is proposed and calibrated, and then it is used to analyze CO:2
emission of different tunnels.

* Emissions rates in kgCO2/m for tunnels under different conditions are given.
» Main CO2 emission is related to manufacturing of concrete for the support/lining.

* RMR and cross section (S) are the main tunnel parameters affecting CO2 emissions.

ABSTRACT. The construction sector is one of the most relevant related to the emissions of the
greenhouse gases (GHG). Within this sector, the weight of tunneling construction is significant
considering the resources employed (for example, tunnel construction represents about the 25% of
the total concrete used in civil works in Spain). Nevertheless, it seems that there is still a gap to make
the calculations of these emissions for each specific tunnel during its design and later during its
construction, taking into consideration the specific parameters that influence them.

The present work provides the fundamentals for applying in a simplified way the Life Cycle
Assessment method (LCA). A simplified calculation model is propose to estimate the CO2 emissions
of each step of the construction phase in the case of tunnels advanced through medium to low
strength rockmass by conventional methods (drilling and blasting, roadheader or hydraulic breaker
hammer). The CO2 emissions can be calculated by estimating the amount of diesel, electrical energy
and materials consumed, and then using the conversion factors to CO2, from well recognized
organizations or more domestic sources (as some Spanish institutions).

The simplified calculation model has been tested with data of a real tunnel and then it is used to
analyze CO2 emissions of different tunnels to determine the influence of different factors. The main
conclusion is that, for this kind of tunnels, the most relevant contribution to CO2 emissions is that
associated to the fabrication of concrete used in the support and lining of the tunnel which represents,
in average, about 80% of the total.
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1. INTRODUCTION

The construction sector is one of the most relevant in the emissions of the greenhouse gases (GHG).
After Huang et al (2018), the total CO2 emission of the global construction sector (which includes
building and infrastructures) was 5.7 billion tons in 2009, contributing 23% of the total CO2 emissions
produced by the global economics activities. It is therefore important that this sector significantly
reduces its consumption of energy and materials by identifying low-impact methods (Fedele and
Severini, 2015). One of the most relevant activities within this sector is the tunnelling construction; for
example, in the case of Spain, Galan et al (2010) estimate that 25% of the total concrete used in civil
works in Spain is related to tunnels.

An important factor to take into consideration around tunnelling construction is to ensure that its
sustainability has been taken into consideration during its planning and design. According to Sterling
et al (2012) it is generally accepted that these underground facilities are good for the economy, for the
society development and contribute to reduce the CO2 emissions but, might be detrimental for the
underground environment resources like space, materials, water and energy. Maximizing the use if
these facilities for different purposes (i.e.: transportation, network cables, electricity and sewers),
ensuring that the amount of energy and resources used for the construction of the facility is balanced
by the savings got during its life comparing to surface infrastructures and ensuring its positive impact
in the neighborhood improving the quality of their life, should be the key factors to take into
consideration for that evaluation. Authorities may also play key role to manage the underground
works to ensure its sustainability, having a planning defined with potential corridors for future
underground activities should avoid potential conflicts with future developments.

According to Zhang et al (2016), governments and researchers have shown more concern to the
GHG emissions during tunnels construction, during last ten years. However, these concerns have not
been translated into detailed calculations of these gases, before and during their construction, and no
specific actions were requested, either from governments or the industry for its reduction. As it is
pointed out in Li et al, (2015), in tunnel engineering at present, CO2 emissions (the most important of
the GHG) are generally estimated during the planning design stage or obtained by statistics of total
emissions after completion; however, the different amount of emissions in each ring and relevant
influential factors are seldom considered. From all this information above, it seems that there is still a
gap to make the calculations of these emissions for each specific tunnel during its design and later
during its construction, taking into consideration the details and the differences between each one of
them. That should be the first step to help to develop plans to reduce those emissions caused from
these activities and develop specific actions to reduce those values as much as we can, or achieve
specific targets, and make this activity more sustainable in the long term.

It will be useful if this analysis is done during the design phase of any new project. Having the planned
emissions calculated during the design phase, will allow the engineers with the opportunity to reduce
or mitigate such impact, looking for alternative equipment and plans to lower the emissions, and
providing a control target level of emissions in the execution phase (Ahn et al, 2010).

The emissions related to the tunnel construction have been calculated since several years ago. For
example, Li et al, (2011) made the calculation of the CO2 emissions per meter for a new highway
tunnel construction in China, and concluded that the endogenous CO:2 emissions are mainly from
construction equipment powered with fossil fuel combustion motors, during the tunnel building period.
These emissions from construction fossil fuel include gas, diesel, oil, coal and asphalt. The oriented-
diesel CO2 emissions are at high level with the proportion of over 90% in comparison with other fuel
types in tunnel building.

During the same year Miliutenko et al, (2011), in Sweden, started to use the Life Cycle Assessment
(LCA) method, rarely used at that time, including not only the emissions during the construction phase
but also during its operation. This study sought to improve understanding of the life cycle energy use
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and greenhouse gas emissions of transport infrastructure, using the example of a road tunnel. Two
levels of analysis were used: 1) detailed data inventory for the construction of rock tunnels; and 2)
screening assessment for the life cycle phases of the whole tunnel infrastructure (including their main
parts: concrete and rock tunnels). The first level of analysis showed that production of materials (i.e.
concrete and asphalt) made the largest contribution to Cumulative Energy Demand (CED) and Global
Warming Potential (GWP). The second level of analysis indicated that concrete tunnels had much
higher CED and GWP per lane-meter than rock tunnels. Moreover, the operational phase of the
tunnel was found to have the highest share of energy use and GHG emissions throughout the tunnel
life cycle.

Huang et al, (2013), using the LCA method quantified in Norway (country that has the goal to be
carbon neutral by 2050) the emissions, per meter of rock tunnels, during its whole life, including the
operational part. Later, in Huang et al (2015), they estimate the CO2 emissions related to excavation
of tunnels in good rock masses (no support or lining is needed). These results were used later by
Fremo (2015), to calculate the emissions in the Byasen tunnel, during its construction and operation.
At the same time, this study is comparing the potential emissions for this facility and its use, with the
goals set in the Trondheim municipality’s environmental program, where the tunnel was constructed.
More recently Huang et al (2020) continued the previous work and analyze the CO2 emissions related
to the support in drill and blast tunnelling in medium hard rock mass considering only two
contributions: bolting and spraying concrete (shotcrete).

Lee et al. (2016) identified the seven tunnel work steps (from twenty tunnels studied) that are causing

the main environmental load during their construction: lining concrete, shotcrete works, tunnel portals
and open cut excavations, drainage works, steel-pipe-reinforced multistep grouting, muck hauling
operations and rock bolt works. Moreover, the analysis confirmed that these seven major work types
account for 89.22% of the entire environmental impact. Later Lee et al. (2017) have developed a
model based on LCA method that can estimate the environmental load through information available
in the early design phase which allows making decisions on design alternatives. These calculations
are based on the existing information in a database that includes the environmental loads per unit
calculated based on the standard quantities and required resources by major work types. This
information allows making decisions on design alternatives, looking for options with lower
environmental impact. In this way, Lee et al. (2016, 2017) method not only estimates the CO:
emissions but also more complex environmental parameters.

In a recent work, Xu et al (2019) describe the CO2 emissions related to tunnels excavated by drilling
and blasting excavated in rock masses with different strength. They carried out a global analysis
taking into account all the different tunneling phases: advance support, tunneling (excavation), rock
support, lining, ventilation and lighting. The analysis concluded that tunnels with weak rock conditions
generate more GHG emissions in construction, and rock support and lining were the major emission
processes.

There are also some studies around these emissions with slurry shield Tunnel Boring Machine (TBM)
only during the construction phase not including the operational part. For example, Li et al, (2013),
describes the CO2 emissions in a tunnel built in Shanghai, pointing out the differences between the
emissions of different machines and the importance of the driving speed for the fuel consumption
during the construction period. In the same way, Li et al, (2015), uses the carbon coefficient method
to calculate the emissions for a tunnel construction. The results from this tunnel showed very detailed
information of the emissions per ring of shield tunneling of which 93% are from the materials used.
There were also important actions taken in this project to reduce these emissions during its
construction.

Finally it has to be pointed out that several works have estimated the CO2 emissions related to tunnel
construction in wider analysis of railway infrastructure as, for example, Chang and Kendall (2011),
Tuchschmid et al (2011), INECO (2012), Morita et al (2012) or Fedele and Severini (2015).
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Nevertheless, there is a leakage of data or methodology information in these works and they only give
a global value of emissions and does not allow estimate the emissions related to different tunnelling
tasks.

Although a number of studies have been carried out during last years, no many of these studies have
been published; moreover, it can be considered that the number of works that we can find in the
specialized literature is rather low for the relevance and complexity of the topic. Effectively, both the
number of the parameters that have influence, operating and economical ones, and its dependence of
the specific area or region in which the civil work is carried out make interesting different studies in
order to represent the variability of the problem. Several countries or regions are represented by
corresponding studies (USA, China, Sweden, Norway, Korea, ltalia...etc.) but it is desirable to extent
results to more regions and to more conditions because in some cases the results of these regions
are not completely useful in others. For example, the Carbon footprint of a road tunnel excavated
through a very strong rock mass in Norway by drilling and blasting is much less that a similar tunnel
through a weak rock mass in Spain excavated by hydraulic breaker hammer.

In this way, the authors have detected a gap of studies or results related to tunnels excavated through
medium to low strength rock masses by conventional methods in which several aspects such as
different rock mass strength, different excavation system or different cross section, are taken into
account; moreover, only one published work which faces the problem in this way, Xu et al (2019), has
been found. On the other hand, the CH4 emissions that occur in some cases during tunnel excavation,
is a special parameter that has to be also taken into account. Several published papers study this
topic due to the relevance for safety and ventilation design, Rodriguez et al (2011), Copur et al
(2012), Baldini (2017), Zhang (2019)...etc, nevertheless, it is not usually to analyse the problem from
an environmental point of view as in Rodriguez et al (2012).

The present work provides the fundamentals of a procedure or method to estimate the CO2 emissions
of each step of the construction phase in the case of tunnels advanced by conventional methods. This
calculation model does not include the emissions during the rest of the life of this facility (operation,
maintenance and the dismantling and removal of the tunnel at the end of its life), focusing only in the
construction part.

The objective is to define a method to calculate CO2 emissions suggesting different formulae to
determine the amount of energy and materials used in a tunnel under construction, in the same way
that there are methods to design the tunnel ventilation or tunnel support.This method should not be
considered a simplified Life Cycle Assessment (LCA) but a complementary one. The LCA establishes
a frame but does not define specifically how to calculate materials or energy.

On the other hand, there are some relevant differences with the LCA. The full application of LCA
method should include the environmental impact throughout the product’s life cycle from raw material
acquisition through production, use, end-of-life treatment, recycling and final disposal (i.e. from cradle
to grave); however there are some particularities that make tunnelling construction different from other
activities or industries. Following to Shillaber et al. (2016b) neither maintenance operations of the civil
infrastructure nor demolition and end of life disposal are included in the life cycle for most ground
improvement applications and foundation types. On the other hand, only CO: emissions are
estimated; other environmental impacts such as other emissions to air (i.e. SOx or NOx gasses),
emissions to the water (i.e. BOD, Phenol...etc.) or emissions to land (i.e. solid wastes) are not taken
into account.

As it is defined in the “ISO Standard 14040:2006 Environmental management — Life cycle
assessment — Principles and framework”, there are four phases in an LCA: 1) goal and scope
definition, 2) inventory analysis, 3) impact assessment and 4) life cycle interpretation. In the present
work, the calculation procedure of CO2 emissions is not described following this scheme but it is
described following the typical task organization in a tunnel, which is more comprehensible and easy
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to understand. Nevertheless, the correspondence with standard phases of a LCA could be
established approximately as follows.

Sections 1 and 2 of the present work give the main information of the phase 1 “Goal and scope
definition” of the LCA method, defining the objectives of performing the LCA study, the application
areas of the LCA results, the potential audience, the data category...etc.

Section 3 is equivalent to the phase 2 of the LCA “Life cycle inventory analysis”, which involves the
collection and quantification of inputs and outputs of materials and energy associated with a product
system under study, and phase 3 “Life cycle impact assessment” which is aimed at understanding
and evaluating the magnitude and significance of the potential environmental impacts (in this case,
Carbon footprint).

Finally, sections 4, 5 and 6 can be considered the phase 4 “Life cycle interpretation” of the LCA in
which results of previous phases are analysed, key issues that contribute significantly to the
environmental impact (Carbon footprint) of the product system are identified and finally conclusions
are drawn and recommendations made as to the environmental aspects.

2. BRIEF DESCRIPTION OF THE CALCULATION METHOD ASSUMPTIONS

The main features of the proposed method are described here below:

* Flexible. Can be used for three different methods to advance a tunnel (drilling and blasting,
hydraulic breaker hammer and roadheader), and for the tunnel specifics (dimensions, length, RMR,
amount of materials used, etc.). It will possible to adjust the conversion factor to CO2 using the
country or region specifics.

» Easy to implement. No special skills around CO2 emissions are needed for its use. Its simplicity is
based on the following: a) the use of the conversion factor method (from recognized organizations), to
convert the amount of energy and materials consumed into CO2 emissions; b) only account for the
CO:2 emissions and not for other GHG like CO; c) focus on the tasks to construct the tunnel.

* Provide a holistic view of the CO, emissions. This approach will make a complete analysis of the
emissions for every single step of the tunnel construction, not only the ones associated with the
advancing cycle and supporting, but also will include all the energy consumption from the rest of the
equipment needed for this work: the fan for the tunnel ventilation, the pumping system, the WWT
plant and all the other services needed (lighting, offices and external facilities).

¢ Use the actual best practices in the civil industry. We will follow the general guidance given by
Shillaber et al, (2016a) for the civil underground works.

The scope of the study is to assess the CO2 emissions associated to the excavation of a stretch of a
tunnel that starts at length Lo and finishes at length Lr. A ratio of CO2 emissions per m of tunnel can
be deduced easily by dividing the total emissions produced in this stretch by its length (Lr-Lo). Other
assumption is that all parameters, such as cross section or rock mass quality, remain constant.

The simplified calculation model or procedure reproduces the standard phases during tunnel
construction: excavation, rock waste removal, support installation and lining; moreover the other
auxiliary services or facilities are taken into account.

The contribution to the total CO2 emissions of the tunnel related to the excavation, rock waste removal
and auxiliary services represent less than 20%. Nevertheless, the emissions for each phase are
estimated in order to determine their relative weight. Only the emissions related to the energy, both
electricity and fuel, necessary for the work of the machinery are estimated. In these phases or tasks
the quantity of material consumed is not relevant and the emissions related to manufacturing or
maintenance of the machinery is not taken into account.



On the contrary, a huge amount of materials are used during the support installation and lining. For
this reason only the CO2 emissions related to the manufacturing and transport of the materials are
calculated and the energy spent by the machinery in these tasks is neglected. A schematic overview
of the system boundary is shown in Figure 1.

The CO:2 emissions can be estimated assuming three different excavation methods: 1) drilling and
blasting, 2) roadheader, and 3) hydraulic breaker hammer. The model include the emissions due to
the fabrication and transportation of the required materials for the supporting and final lining of the
tunnel as well as the calculations of the emissions of the electrical energy consumed by the different
motors that move the fans for the ventilation, the pumping system to remove the water from the tunnel
(in the case of descending slope), the waste water treatment (WWT) plant, the illumination of the
tunnel and the rest of the facilities at the outside area near the tunnel portal. Other factors that have
been also taken into consideration are the driving speed of the different diesel driven equipment, and
the slope of the tunnel, that will increase the diesel consumption, especially during the transportation
with the trucks fully loaded. Finally, because of its importance when the tunnel passes through a
methane bearing strata (Rodriguez et al, 2010), the calculations of the methane emissions, expressed
as COz2 equivalent, have been included.

The CO: emissions were calculated by estimating the amount of diesel, electrical energy and
materials consumed, and then using the conversion factors to CO2, from well recognized
organizations or more domestic sources (as some Spanish institutions). As it has been said, the
operations and maintenance part it is not include into the calculations as the main focus of this work is
the tunnel construction, meeting the design specifications (size, length, slope, construction timing,
etc.) and defining a simplified model that could be used for all potential tunnel constructors or
engineers in charge of the design, which is a different area than the operations and maintenance of
this infrastructure later on.

On the other hand, neither demolition nor reuse or disposal of the materials used during the tunnelling
construction, are considered in the calculations. The practice used normally is “abandon in place”,
closing all potential access to inside.

The simplified model is tested with data of a real tunnel constructed in Spain, and then it is used to
analyse CO2 emissions of different tunnels to determine how different factors can influence the
amount of emissions released. The model is also tested with data of the bibliography. Finally, the
more relevant results are pointed out in the conclusions.

3. Support and lining (Materials)

Shotcrete (manufacturing and transport)

Bolts and steel sets (manufacturing and transport)
Concrete (manufacturing and transport)

1. Excavation (Energy)
Drilling and blasting (explosive)
Roadheader (electricity)

Breaker hammer (fuel) Contribution to CO, emissions
\ _> Energy used for the excavation
TUNNEL _— Energy used in the removal of rock waste
CONSTRUCTION — Energy necessary for auxiliary services
2. Rock waste removal (Energy) —_— Production of materials for support and lining
. . ) 8y —_— Methane or other gasses emissions
Muck pile loading (fuel)

Rock waste transportation (fuel)

4. Auxiliary services (Energy)

Ventilation (electricity)

Dewatering and water tretament (electricity)
Lighting and external services (electricity

Figure 1: Schematic overview of the system boundary



3. CO2 EMISSIONS CALCULATION PROCEDURE

The aim of this work is to briefly describe the fundamentals of this simplified LCA that anyone can use
to calculate the emissions associated to the construction of a tunnel taking into consideration the
specific conditions in each country or region. There are five sources of CO2 emissions during the
construction of a tunnel: the diesel and electrical energy consumed, explosives (used during the
drilling and blasting advancing method), the materials used for supporting and lining, and the methane
if the tunnel cross the carboniferous strata.

3.1. Emissions released during the excavation (advancing cycle)

3.1.1. Excavation by Drilling and Blasting method (D&B)

The emissions will come from energy consumed by the equipment used for this task, the jumbo (used
to drill the blasting holes) and the platform (used to load the explosives), and the CO:2 released during
blasting (Rodriguez et al, 2017).

The jumbo has two sources of emissions. The first is the diesel fuel consumed to move in and out this
equipment of the tunnel in every cycle. The calculations will be based on both classical and recent
researches by Gémez de las Heras (1995) and Posada-Henao (2015). For equipment speeds
between 5 to 25 km/h, the diesel consumption DC; (in grams) will be the result of multiplying its weight
M; (in tons) by the distance the equipment goes back and forth 2xd (where d is the distance from the
working face to the portal in km) and by the fuel consumption per ton moved and km ran Cg4 (in
g/txkm):

DCj=M; x 2x d x Cq (1)
A simplified formula to asses Cg is derived in the appendix.

The sign of the slope will be negative when the equipment goes downwards and will be positive
upwards. The consumption in grams can be translated into liters, using the diesel density (833 g/l).
The CO:2 emissions (DEj) can be calculated multiplying the consumption of this equipment by its
conversion factor (rp):

DE; = (DC;/ 833) x o )

A typical value for rp is 3.25 kgCO:2 per liter of fuel (Shillaber et al, 2016b) for mining equipment.
Nevertheless, it can vary depending on the region and data used; for example, based on investigation
carried out by Lépez and Sanchez (2008) in Spain, this value is of about 2.63 kgCO2/l. These
equations will be applied for all diesel driven equipment that we will study later.

The second source of emissions is the electricity consumed by the jumbo. It uses an electrical motor
to drill the blasting holes, and to calculate the energy consumption (EC,) in kWh the following
expression is used:

ECy= NP x LF x t (3)

Where NP is the nominal power in kW, LF is the load factor (%), and t is the working time in hours.
The timing needed for the drilling operation will depend on the RMR value (high values make the
speed lower, while low values allow the machine to drill the holes faster), and the number of rock drill
units. The normal power of each rock drill unit is about 25 kW. The emissions (EE,) can be calculated
multiplying the consumption of the electricity by its conversion factor (re):

EE,=ECy x re 4)
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A typical value for re is 0.267 kg CO2 per kWh according to the Spanish institute IDAE (2011). This
factor reaches 0.66 kgCO2/kWh when electricity is produced by an electric generator. As these values
depend on the specific regional characteristics, other authors suggest different emissions rate: i.e.
Shillaber et al. (2016b) suggest a conversion factor 0.981 kgCO2/kWh for electric generators.

These equations will be applied for all electrical equipment that we will study later.
The total emissions of the jumbo during its work will be:
TE, = DE, + EE, (5)

The platform to load the explosives uses diesel to move in and out of the tunnel and to load the
explosives into the blasting holes in every cycle. Its consumption (DCp.) will be the same as (1), and
its emissions (TEp.) will be calculated as shown in (2).

The CO2 produced during the blasting of the explosives will be calculated multiplying the amount of
explosive (mexp) used during the construction of the tunnel, by its conversion factor (rex):

Eexp = Mexp X rex (6)

The conversion factor rex is about 0.258 kgCO: per kg of explosive used (manufacturers Maxam 2015,
Orica 2015). Only gasses produced in the explosion are taken into account, because the explosive is
considered here as a kind of energy and no a material. If emissions due to manufacturing should be
included, this rate should be 2.0 kgCO: per kg of explosive (after Orica 2019). In the case of tunnels
with a cross sectional area bigger than 60 m?, the amount of explosives needed according to different
researchers (Cardu and Seccatore, 2016) varies from 0.5 to 1.5 kg/m?3. The total emissions produced
during the advancing cycle with this method will be:

TEps = TEy + TEpL+ Eexp (7)

3.1.2. Excavation with Roadheader (RH)

The roadheader uses electrical energy to perform its task. The cutting head is moved by an electrical
motor, and the energy consumption and the CO2 emissions will be given using the formulas (3) and

(4):
ECr1= NP x LF x t (8)

To calculate the load factor LF, we need to take into consideration the RMR of the tunnel strata
(Torafo J., 1994). For the timing working ¢, in hours, we need to measure the real timing that the
equipment is running, and it will depend mainly on the quality of the rock, if that is good we can spend
most part of that working with the equipment, however if the quality is bad, we will spend most part of
the timing work installing the support at the face with a very few use of this equipment. The emissions
(EERrn) can be calculated multiplying the consumption of the electricity by its conversion factor (rg):

EErH = ECRrH % 1E (9)

3.1.3. Excavation with Hydraulic Break Hammer (HBH)

The hydraulic breaker hammer uses a Diesel engine to perform its work. Several studies were done
around its diesel consumption, and for the typical equipment of 1500 kg and 18 KW, on a 25t
excavator its consumption is about 36 liters/hour (Rodriguez et al, 2017). The emissions (DEpgy) will

8



be calculated multiplying its consumption rate (36 liters/h), by the number of working hours t and by
the diesel conversion factor rp, as follows:

DEngH = DCHeH X b =36 X t X 1p (10)

For the working time, it will also depend on the quality of the rock as we mentioned above. For each
specific case, the working time needs to be measured and the emissions will be evaluated.

From the three methods of advancing the one that seems to have a better performance (from the CO:2
emissions point of view) is the D&B method which emissions are almost 10 times lower than the HBH
(Rodriguez et al. 2017).

3.2. Emissions released during Loading and Transportation

The CO2 emissions will come from the diesel consumption by the loaders and trucks, and we will split
them into the following two categories: muck pile loading and transportation.

3.2.1. Muck pile loading

The emissions will come from the diesel consumed by the loader that is taking the muck pile into the
truck or dumper that is waiting to be loaded. Regarding the diesel consumed by the loader, we will
use 0.15 liters/h per kW of net equipment power (Salam et al, 2015). Then the diesel consumption
(DCwuec), in liters, will be:

DCwpc = 0.15 x NP x t (11)
Where NP is the net equipment power in kW, and t is the number of hours working.

Regarding the truck or dumper waiting on low motion to be loaded, can be considered to be
negligible, only 2.64 I/h are used. Then, the consumption of the truck (in liters) in waiting mode will be:

DCrm=2.64 x t (12)
The CO2 emissions of this task DE;, can be calculated using the conversion factor rp:

DEL = (DCwpc + DCr1im) % 1D (13)

3.2.2 Rock waste transportation

The emissions will come from the diesel consumed by the truck or dumper from the front of the tunnel
to the waste dump. The equipment used to transport the rock removed from the face of the tunnel to
the outside dump will use diesel, and we can use to calculate their emissions the same formulas in (1)
and (2), but having into consideration the weight of the truck and the rocks to go outside of the tunnel,
and just the weight of the truck to return to the face of the tunnel (Gomez de las Heras 1995, and
Posada-Henao 2015). If the distance from the working face to the portal is d, the distance from the
portal to the out waste dump is d’, the truck weight is M; and the rock weight is M,, in tons, the diesel
consumption in grams will be:

DCr = (Mr +My) x (d+d’) x Cg + My x (d+d’) x Cq (14)



We will consider the speed of 10 and 30 km/h inside and outside the tunnel respectively. The
emission will be calculated multiplying the consumption by the CO2 conversion factor rp:

DEr= (DC1/833) x o (13)

Some useful formulae to assess the order of magnitude of the fuel consumption of out of road
vehicles and trucks can be found in the appendix.

3.3 Emissions caused by other services and tunnel facilities

All these emissions will come from the electrical energy consumed by the electrical motors of all other
services and tunnel facilities as for example tunnel ventilation (ECrv), water pumping (ECwp), waste
water treatment plant (EC7p), tunnel lighting (ECr.), or external services (ECgs) such as offices,
workshops, air compressors, etc. In this case, the formulas (3) and (4) can be used to calculate the
energy consumed and the CO2 emissions respectively.

The use of electrical energy from the network and if possible from a supplier with as much renewable
sources as possible, will help to reduce the emissions.

Some useful formulae to assess the order of magnitude of the electrical energy consumption in
ventilation system, tunnel dewatering system, water treatment plant and external services and tunnel
illumination can be found in the appendix.

3.4 Emissions released from materials used

The materials considered are concrete and steel used in the tunnel for supporting and the final lining.
To calculate the emissions released due to this activity first we need to calculate the amount of
materials needed. Once we have the amounts of steel My, that includes the steel arches Ms and rock
bolts My, and concrete needed M, that includes shotcrete Mg, and lining concrete M,, the total CO2
emission ME can be calculated using the conversion factors, rss and r; respectively.

ME = Mst % rst+ Mc X rc (16)

The conversion factors rgt and r; are 1.82 and 0.136 kgCO: per kg of steel or concrete respectively
after Shillaber et al. (2016b). Values in the same order of magnitude, 1.63 and 0.159 kgCO:2/kg
respectively, have been used to estimate the Carbon footprint of a high-speed railway in Spain
(INECO, 2012). The amount of concrete and steel needed for the support and lining depend on the
section of the tunnel, rockmass strength (RMR) and depth of the tunnel. It must be calculated for each
specific case. In the case of a tunnel with cross section of 100 m2 , the amount of steel needed varies
from 100 kg/m when the rockmass is strong (RMR>65) to 3000 kg/m or even more in a weak
rockmass (RMR<30). In the case of the concrete, the thickness of the shotcrete used for the support
varies from 5 cm (RMR>65) to 30 cm (RMR<30) while for the final lining we will consider, normally, 35
cm of concrete. It has to be taken into account that the mass of concrete can be strongly influenced
by the over-excavation; it can be estimated as it is described in the appendix or it can be predicted
from Innaurato et al (1998), Mohammadi et al. (2015) or Mottahedi et al (2018).

Finally, to calculate the emissions due to the transportation from the production factories to the
construction site we will use an approach based on Lopez and Sanchez (2008) results. The
consumption, in grams, will be given using the following formula:

Cg= 15— v/20 (17)
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Where Cq is the amount of diesel consumed (grams) per ton transported and km driven and v is the
speed of the truck. Taking into consideration two different roads, the outside and the inside of the
tunnel, the amount of diesel consumed will be:

(outside) Cgmato = do % (M7 + mL) x (15- vo/20) + do x mt X (15- vo/20) (18)
(inside) Cgmati = di x (m7 + mL) % (15- vi/20) + di x mt % (15- vi/20) (19)

Where: d,is the distance travelled outside in km, v, is the speed of the truck outside of the tunnel (we
can consider here the average speed of 60 km/h), d;is the distance travelled inside in km, v;is the
speed of the truck inside of the tunnel (10 km/h), mr and m, are the weight of the truck and the load
respectively.

The total emissions of this part will be:
Es=ME + [(Cgmato + Cgmati) /833] % rp (20)

In a long term, a quantity of CO: is captured by concrete of the lining. This phenomenon has been
studied by different researchers, i.e. Haselbach (2008), and in Spain by Galan (2011). By applying her
method, the conclusion is that after a long time only the 2% of the CO2 generated during the
production of concrete could be captured by the concrete of the tunnel lining, due to the carbonization
process. For this reason, this CO2 reduction is not considered and, in this way, we are being more
conservative.

Some useful formulae to assess the order of magnitude of the materials consumption (steel and
concrete) can be found in the appendix.

3.5 Methane emissions

When the tunnel is constructed through Carboniferous strata, there is an important methane release
that has a major impact in the total number of CO2 emissions. They will be calculated converting the
methane released, from the mass rock affected by this construction, into CO2 equivalent using the
conversion factor 25 (for a period of 100 years), given by the IPCC (2007). To calculate the methane
emissions, we will use the specific methane release (smet) for a ton of rock removed from the tunnel
face (Rodriguez et al, 2010). If we calculate the amount of material to be removed (Mg), we can
calculate the amount of methane released from the tunnel, and using the conversion factor to CO:2
equivalent (rmet) we will obtain the CO2 emissions.

Emet = Smet X MR X I'met (21)

Smet Was in average 31.4 m3 of methane per t (equivalent to 20.6 kgCHa4/t) in the case studied in
Rodriguez et al (2010), which can vary from one region to another. The conversion factor rmet
(methane to CO2) is 25 kgCO:2 per kg of methane.

A schematic overview of the simplified calculation procedure is given in Table 1.
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Table 1: A schematic overview of the calculation procedure

Energy and materials consumption

Task Fuel (liters) Electricity (kWh) Materials (kg) Equations
Excavation
Jumbo DC./833 ECy - (ONE)
Platform DCr./833 - - 1)
Explosive - - Mexp
Roadheader - ECrH - (8)
Breaking hammer DCrgn - - (10)
Loading and transportation
Loader DCwmrc - - (11)
Truck or dumper DCnm + DC1/833 - - (12), (14)
Tunnel facilities
Tunnel ventilation - ECrv - (3)
Water pumping - ECwp - (3)
Water treatment plant - ECrp - (3)
Tunnel lighting - ECmL - (3)
External services - ECes - (3)
Materials (support/lining)
Concrete - - Me
Steel - - Mst
Materials transportation (Cgmato+Cgwan)/833 - - (18), (19)
Methane emissions
Methane emissions - - Smet X Mr (21)
CO: Total Emissions
Task Fuel (kgCO2) Electricity (kgCOz2) Materials (kgCO3) Equations
Excavation | [(DC./833)+(DCpL/833)+DChgH] X rp (ECJ+ECRH) x re Mexp X Fexp (4) to (10)

Loading and transportation
Tunnel facilities
Materials (support/lining)

Methane emissions

[DCwmpc+DCrim+(DC1/833)] % 1o

[(Cgmato/833)+(Cgmat/833)]  rp

(ECTv+ECwp+ECTP+ECTL+ECES) * re

Mec % re + Mst X rst

Smet X Mr X I'met

(13) to (15)
(4)
(16) to (19)
(21)
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4. VALIDATION OF THE METHOD

The described simplified model or procedure has been used to estimate the CO2 emissions during the
construction of a tunnel and then they are compared with real emissions determined from real
materials and energy consumption. The tunnel taken as a reference is a double tube tunnel in
Northwest of Spain. The studied stretch (only one tube) is of about 1000 m in length (from 1200 m to
2200 m chainage), being the slope of about 1% upwards. The depth was 125 m in average.

The tunnel was excavated through a medium strength rockmass, RMR=35—-40, formed basically by
quarzitic rocks. The excavation cross sectional area is 79.6 m? (circular shape with excavation
diameter of 10 m). The excavating method was drilling and blasting with a typical powder factor of 0.6
kg of explosives per m® of excavated rock. The muck was removed from the tunnel by means of
articulated trucks with a load capacity of 24 t and Diesel engines of 200 kW of power. The electrical
energy was obtained by means of two electrical generators of 815 kVA each one. There was no
presence of gas methane.

To validate the proposed procedure, four contributions to CO2 emissions were selected: a) use of
explosive, b) fuel consumption of articulated trucks, c) concrete used in the support and the lining and
d) electrical energy used in the tunnel (drilling, ventilation, water treatment...etc.). The explosive is
considered as energy, no as a material, and no emissions due to its manufacturing are included.

In Figure 2, the real accumulated quantity of CO2 emitted to the atmosphere due to the explosive
detonation between 1200 and 2200 m sections is represented as a function of excavated tunnel
length. It has been calculated from real amount of explosive used in the tunnel. As it can be seen, it
varies almost linearly with the length because the amount of explosive per m of tunnel is practically
constant. The CO2 emission rate, 12 kg/m, can be considered very small or even negligible. In the
same graph the accumulated CO: for all the length of the tunnel, estimated following the procedure, is
also represented showing that the model is accurate enough.

In Figure 3, the real accumulated quantity of CO2 emitted to the atmosphere due to the articulated
trucks used to remove the rock from the tunnel is represented as a function of excavated tunnel
length. It has been calculated from real amount of diesel fuel used by the articulated trucks. As it can
be seen, the relationship is not linear because the number of trucks and the distance increase with
the tunnel length. The CO2 emission rate, which varies from 200 to 300 kg/m, can be considered
small. In the same graph the accumulated CO2 estimated for all the length of the tunnel is also
represented showing that the model is also accurate enough in this case.
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Figure 2: COz produced by explosive detonation

13



1500 +

CO, produced by muck pile transportation

1250 -

750

500 -

250 **

Accumulated CO, emissions (tCO,)

0 500 1000 1500 2000 2500
Advanced length (m)

Figure 3: CO2 produced by muck pile transportation

In Figure 4, the real accumulated quantity of CO2 emitted by the mobile electric generators is
represented. It has been calculated from real amount of diesel fuel used by them. Also in this case,
the relationship is not linear because the energy necessary for the construction of 1 m of tunnel
increases with the tunnel length. The CO2 emission rate, which varies from 600 to 900 kg/m, can be
considered also small. In the same graph, the estimated CO: is also represented. It should be
considered that the electricity generated in this way produces a bigger amount of COa.

Finally, the emissions related to the concrete used in the tunnel is estimated and compared with real
data. In Figure 5, the real accumulated quantity of CO2 emitted to the atmosphere during the
manufacturing process of the concrete used for the support and the lining is represented. As it
happened with the explosive, it varies almost linearly with the length because the amount of concrete
per m of tunnel is practically constant. This is the main contribution and represents about the 80% of
the total emissions in the tunnel being the CO2 emission rate almost 9500 kg/m. As in the previous
case, the estimation carried out with the approach can be considered good.
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Figure 4. COz2 produced by electric generators
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Figure 5: COz2 generating during concrete production process

In Figure 6, the total CO2 emissions related to explosives, transportation, concrete and electricity are
represented. In the same graph, the estimation for these factors is also represented which is in good
agreement with the reality. On the other hand, the described simplified LCA has been used to
estimate the total emissions including other factors as for example the fabrication of the steel for the
support elements or the use of the excavator in mucking tasks.

In Figure 7 a graphic with the total emission rate, which is the result of dividing, at a given moment,
the total accumulated emissions by the tunnel length, in kgCO2 /m is shown. The emission rate can be
considered constant. The simplified LCA method was used to estimate both the emission rate due
only to the factors previously analysed and the one due to all the contributions.

A summary of the causes of the Carbon footprint in this tunnel in particular are the following: when
tunnel reaches 2200 m in length, the total emission rate is 12,500 kgCO2/m of which, approximately,
85% comes from the materials (80% from concrete and 5% from steel), 5% comes from loading and
transportation and 10% comes from generation of electricity.
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Figure 6: Total CO2 produced during the tunnel construction
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Figure 7: Total CO2 emission rate for the tunnel in construction

5. APPLICATION OF THE METHOD TO THE ANALYSIS OF SEVERAL
CASES

The described method allows carry out a sensitivity analysis varying the value of different parameters.
Nevertheless, in the reality, the typical design parameters of a tunnel do not vary totally freely. Due to
different reasons, they are related to each other and only some combinations of them are really
frequent. For example, the longest tunnels in Spain are railway tunnels in which the cross section is
usually about 80 m? (a circle with a diameter of 10 m); it is not realistic to analyse a tunnel of 10 km in
length with a cross section of 20 m2. In the same way, tunnels with a big section (120 m2 or more) are
usually highway tunnels with three lanes and they are always short tunnels (less than 1 km). For this
reason, an analysis of seven tunnels, representative of the most frequent combination of tunnel
parameters in Spain, is carried out rather than a typical sensitivity analysis.

Seven different tunnels excavated in Asturias (Northwest Spain), were selected to see the influence of
different parameters. The main characteristics of these tunnels are the following:

1) Somao tunnel (Conto, 2008). Tunnel used for road transportation in the A-8 highway in Spain, with
a length of 466 m, its section is quite big (142.5 m?) because it has 3 tracks, its RMR value is low
between 25 and 45, and the advancing method was mostly hydraulic breaker hammer.

2) Fresno tunnel (Fernandez, 2008). Tunnel used for road transportation in the A-63 highway, with a
length of 940 m, its section is also rather big (125 m?), its RMR value was even lower than the
previous case, between 25 and 40, and the advancing method used was also mostly the hydraulic
breaker hammer.

3) Fabares tunnel (De Luis and Ugarte 2003, Rodriguez et al 2017). Tunnel used for road
transportation in the A-64 highway, with a length of 1922 m, its section is smaller than before (92 m?),
its RMR value varies 30 and 55, and all the different conventional advancing methods have been
used (drilling and blasting, roadheader and hydraulic breaker hammer).

4) Padrun tunnel (Garcia Arango et al, 1993). Tunnel used for road transportation in the A-66
highway, with a length of 1762 m, and a section of 88.5 m?, its RMR value varies 25 and 55, and
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mostly the drilling and blasting method was used. This tunnel crosses the Carboniferous ground and
produces an extra amount of CO2 emissions due to the release of the methane contained.

5) Santiuste tunnel (Almazan, 2001). Tunnel used for road transportation in the A-8 highway in Spain,
with a length of 500 m, its section is 113.7 m?, its RMR value varies 25 and 65, and the drilling and
blasting and hydraulic hammer methods were used depending on the RMR value.

6) Penaflor tunnel (Cano, 2003). Tunnel used for road transportation in the A-63 highway, with a
length of 695 m, its section is 99 m? (111 m?2, at the middle point), its RMR value is between 20 and
50, and drilling and blasting method was mostly used for its construction.

7) Folledo tunnel (Miguez et al, 2007). This is an access gallery to the main Pajares tunnels in the
high-speed railway in Spain. It was chosen because it is quite different from the others. With a length
of 2021 m, its section is lower, only 54 m?, and its slope is rather high, 13% descending. lts RMR
varies between 35 and 70, and only the drilling and blasting method was used for its construction.

In all cases, values of conversion factors more related to Spanish conditions have been used (Table
2). In the analysis, it has been used the same quality of materials for all tunnels, which is a realistic
assumption for these typical tunnels. Nevertheless, a specific analysis of the relevance of the
concrete strength on the CO2 emissions, safety and costs can be found in Rodriguez et al (2019).

Table 2: Summary of conversion factors

Conversion factor Symbol Units Value Source
Diesel engines o kgCO./I 2.63 Lépez and Sanchez (2008)
Electricity Ie kgCO2/kWh 0.267 — 0.660 IDAE (2011)
Explosive (energy) lex kgCO./kg 0.258 Maxam (2015), Orica (2015)
Steel manufacturing ra kgCO./kg 1.63 INECO (2012)
Concrete manufacturing In kgCO./kg 0.159 INECO (2012)

The summary of the ratio emissions for these tunnels (kg/m) calculated following the described
simplified method can be seen in Table 3 (D&B is Drilling and Blasting; RH is Roadheader and HBH is
Hydraulic Breaker Hammer). Each tunnel analysed was divided in several stretches (5 to 14) with the
same cross section, excavation method, rock mass strength, depth...etc. and the CO2 emissions for
each stretch was estimated. Finally the sum of contributions of all stretches divided by the total length
of the tunnel is the average value or emission rate shown in the Table 3.

Some specific conditions must be considered to better understand the different emission rates
between similar tunnels. For example, methane emissions (27% of the total) have considered in
Padrin tunnel because it was excavated through Carboniferous strata; this fact makes its emissions
quite higher. On the other hand, and due to the presence of gypsum and expansive anhydrites, the
thickness of the lining of the Fabares tunnel was 40 cm while the Santiuste and Pefaflor was 30 cm.
This difference makes this tunnel to produce more emissions than the others even having a smaller
section.

In Table 4 the value of CO2 emissions in the tunnels are classified according the three most relevant
contributions. Observe that the materials take more than 75% in all cases and in average it is greater
than 80%.
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Table 3: Summary of emissions rates (kgCO2/m)

Excavation Method
Tunnel RMR used (% Length (m) Cross Section Emissions rate
(m?) (kgCO>/m)
D&B RH HBH
Somao 25-45 10 0 90 466 142.5 15,284
Fresno 25-45 0 0 100 940 125 14,417
Fabares 30-55 18 72 10 1922 92.1 10,276
Padrun 25-55 98 0 2 1762 88.5 10,261
Santiuste 25-65 60 0 40 500 113.7 8,710
Penaflor 21-50 44 0 56 695 99.4 8,260
Folledo 35-70 100 0 0 2021 54 4,293
Table 4: Most relevant contributions to the CO2 emissions
Materials used (concrete Auxiliary facilities Advancing
and steel) KgCO,/m (%) KgCO./m (%) activities
Tunnel KgCO,/m (%)
Fabares 9,087 (88%) 473 (5%) 423 (4%)
Folledo 3,533 (82%) 243 (6%) 252 (6%)
Fresno 11,747 (81%) 1303 (9%) 904 (6%)
Padrun* 6,809 (66%) 458 (4%) 264 (3%)
Penaflor 6,304 (76%) 1166 (14%) 492 (6%)
Santiuste 7,531 (86%) 555 (6.5%) 560 (6.5%)
Somao 12,801 (85%) 1257 (8%) 993 (7%)
Average value 10,753 (83%) 832 (8%) 604 (6%)

*Methane emissions in this tunnel (27% of the total) make the % values lower than the rest. Not considered for
the average value

From these results, it is easy to infer that, under typical conditions, the parameters that more influence
the emission are the rockmass quality (RMR) and the cross-sectional area (S in m?). The reason is
that these parameters strongly influence the thickness of the support and lining and consequently on
the final quantity of concrete used. In Figure 8 the importance of the RMR and tunnel section is
shown. The center of each circle represents a given pair (S, RMR) and the diameter of the circle is
proportional to the emission rate. These results can be used as guidance in earlier stages of a project
as it is shown in Table 5.
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Table 5: CO2 emissions related to tunnels in northern Spain

Total emission rate

Tunnelling conditions (kgCO,/m)

VERY FAVOURABLE: tunnel of small cross section (60 m?), strong
rockmass, excavated by drilling and blasting, electricity supplied by a 5,000
company

FAVOURABLE: tunnel of medium cross section, medium to strong
rockmass, possibility of excavating by drilling and blasting, electricity 8,000
supplied by a company

STANDARD: tunnels with cross section of 100 m? excavated by
conventional methods through medium strength rockmass, electricity 10,000
supplied by a company

UNFAVOURABLE: big cross section (greater than 120 m?), weak
rockmass (RMR<30), excavated mainly by hydraulic breaker hammer, a
strong support is necessary, and/or electricity production by means of
electrical generators

15,000

These emission rates are according to other data that can be found in specialized literature. For
example, Chang and Kendall (2011) estimated that CO2 emissions in the construction of 49 km of
tunnels of a high-speed rail system in USA would be 637,793 tCO2, that is 13,016 kgCO2/m.
Tuchschmid et al (2011), give the values of 169,619 or 282,699 kgCO: per km of tunnel and year for
single and double track tunnel in Europe respectively; taking into account that the lifespan used was
60 years, this becomes in 10,177 kgCO2/m and 16,962 kgCO2/m respectively. In INECO (2012) a
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railway section in Spain of 11.2 km in length in which 9.53 km corresponded to tunnels was analysed
and the total estimated emissions were 106,861 tCO2 (practically all from tunnels) from which a ratio
of 11,213 kgCO2/m can be deduced. Morita et al (2012), analysing Carbon impact from construction
of rail infrastructure give a value of 14,300 kgCO2/m for a conventional tunnelling in Japan. Finally,
Fedele et Severini (2015) estimate that the total emissions for 33,6 km of tunnels excavated by
conventional methods in Italy were 499,994 tCO., that is, the emission ratio is 14,860 kgCO2/m.
Nevertheless, the above mentioned studies only give one representative value of CO2 emissions and
not a range of values according to different conditions as in the Table 5.

On the other hand, results obtained from perfectly explained and developed LCA works published,
cannot be used directly in a first estimation because they are not totally representative due to different
conditions studied or different regional characteristics. For example, Miliutenko et al (2012) give an
average emission ratio of 8,855 kgCO2/m in tunnels in rock, which is similar to those in Table 4, but
give an average value of 35,298 kgCO2/m in the case of tunnels with concrete lining, which is much
higher than similar tunnels in northern Spain. Huang et al (2015) present results for different tunnel
section and length, but only for tunnels in strong rock in which emissions can be so low than 1200
kgCO2/m which would not representative of a typical tunnel in Spain. More recently, in Huang et al
(2020) they analysed tunnels through weaker rockmasses varying the CO2 emissions between 1000
and 3500 kgCO2/m. Nevertheless, these results cannot be directly used because the only analyse the
contribution of shotcrete and bolting.

Other study, Lee et al (2017), defines also a range of CO2 emissions which vary with length between
9,700 and 14,300 kgCOz2/m; nevertheless the variation is only due to the contribution of the open cut
parts on both portals of the tunnel which is constant for all tunnels studied (approximately 60 m in
each side); the representative value is really only one: for long tunnels in which this influence is less,
the value is of approximately 10,000 kgCO2/m which is close to the Spanish standard conditions but
does not represent other conditions.

Moreover, results of previous experiences, although they are very useful, cannot be compared directly
because they have been estimated by different teams and with different criteria or even different
methodology. On the contrary, results in Table 4 are homogeneous and they can be compared
directly. Independently of the absolute value, from results of Table 4 we can say that a tunnel
constructed under very favourable conditions will produce approximately 1/2 of emissions of a
standard tunnel or 1/3 of emissions of a tunnel in the worst conditions.

From all mentioned above, the use of results summarized in Table 4 allow us to carry out more
accurate estimation during first phases of the project than using data of other experiences.

The results of the present study are in the same way that those presented previously by Xu et al
(2019), who found that the construction emissions of the five 1-km highway tunnels were between
6220 and 17,010 t COa. For this reason, the results will be used in the following section in order to test
the developed procedure.

6. TESTING THE PROCEDURE WITH OTHER CASES

Using the model with data of Huang et al (2015)

In Huang et al (2015), they estimate the CO2 emissions related to conventional excavation of tunnels
in good rockmasses. The tasks considered by them in drill and blast tunnelling are: dirlling and
blasting, loading and hauling, scaling, and ventilation. They consider that no support or lining is
needed from it can be deduced that rockmass quality is of about Q= 100 after Grimstaad and Barton
(1993) which is equivalent to RMR=80 after Barton and Bieniawski (2008).
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The developed model is used in several of the tunnels with the characteristics shown in the Table 6
and then are compared with the results presented by Huang et al. (2015).

Table 6: Main characteristics of the tunnels selected from Huang et al (2015)

Tunnel reference Cross section (m?) Length (m) RMR
T1 40 3000 80
T2 70 3000 80
T3 100 3000 80
T4 120 3000 80
T5 67 6000 80
T6 67 8000 80

If we use the model as if these tunnels were excavated in Spain, the calculated emissions were of
about 5 times bigger than those calculated by Huang et al (2015) as it is shown in Figure 10 (left).
This fact is due to some typical assumptions related to tunnelling in Spain are considered as for
example the use of a support even in strong rock masses, some over-breaking due to blasting is
produced, and a lining of concrete 35 cm in thick. If the analysis is repeated but without taking into
account neither the support nor the lining, the results are practically the same of those from Huang et
al (2015) as it is shown in the same Figure 10 (right). Although the developed model does not take
into account some CO2 sources like the machinery manufacturing, it takes into account other CO2
emissions like those related to waste transportation, that are in the same order.
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Figure 10: Testing the model with results of Huang et al (2015)

Using the model with data of Huang et al (2020)

More recently, Huang et al (2020) analyse the CO2 emissions related to the support in drill and blast
tunnelling considering only two contributions: bolting and spraying concrete (shotcrete). They assume
tunnels excavated under hard rock conditions varying the Q index between Q=0.2 and Q=100. (it can
be assumed that RMR varies between RMR=40 and RMR=80).

The tunnels shown in the Table 7 are taken as reference to compare the results; RMR values are
deduced from Barton and Bieniawski (2008).

If the model is used as if the tunnels were excavated in Spain, the calculated CO2 emissions would be
in average 5 times those calculated by Huang et al. (2020) as it is shown in the Figure 10 (left). The
difference is mainly due to the model consider all the contributions to CO2 emissions (excavation,
mucking, support, lining, ventilation...etc). If the analysis is repeated but considering only the same
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CO2 sources that are considered by Huang et al (2020), bolting and concrete spraying, the results are
in the same order as it can be seen in Figure 10 (right).

Table 7: Main characteristics of the tunnels selected from Huang et al (2020)
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Tunnel reference Cross section (m?) Length (m) RMR
S1 54 3000 65
S4 54 3000 45
S9 76 3000 65
S12 76 3000 45
S17 100 6000 65
S20 100 8000 45
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Figure 10: Testing the model with results of Huang et al (2020)

Using the model with data of Xu et al (2019)

Finally the model will be used with data from Xu et al (2019) who describe tunnels excavated in a
similar way that in Spain. The tunnels are excavated by drilling and blasting, with the following
phases: advance support, tunnelling, rock support, lining, ventilation and lighting.

The necessary characteristic of the tunnels in order to use the model are shown in the Table 8, in
which RMR is deduced from shotcrete thickness for different support used.

Table 8: Main characteristics of the tunnels selected from Xu et al (2019)

Tunnel reference Cross section (m?) Length (m) RMR
T1 78.80 1000 60
T2 82.60 1000 40
T3 97.48 1000 40
T4 98.90 1000 35
T5 101.72 1000 30
T1 78.80 1000 60

If CO2 emissions are calculated by means of the proposed model using typical values of parameters
for Spain, the results are quite different although the tunnels are similar (Figure 11, left). The main
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difference is the effect of over-excavation that Xu et al (2020) do not take into account. If this
contribution is not considered, and if it is assumed a lining with a thickness of 40 cm (instead of 35 cm
of the Spanish case) the results are very similar as it is shown in the Figure 11 (right).

In this case the calculated results are slightly under the results of Xu et al (2019) due mainly to local
factors such as the CO2 emission related to electrical energy (990 gCO2/kWh in China against 267
gCO2/kWh in Spain).
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Figure 11: Testing the model with results of Xu et al (2019)

7. CONCLUSIONS

In the present work, the fundamentals of a procedure or calculation method to estimate the Carbon
footprint during the construction of a tunnel by conventional methods is described and it is validated
with data of a real tunnel; then it is used to analyze some real tunnels to estimate the order of
magnitude of CO2 emissions in different cases and determine the influence of different factors; finally
it is tested with results obtained from the scientific literature.

Because the contribution of the concrete and steel to CO2 emissions is about the 80% of the total, the
Carbon footprint of a tunnel can be easily estimated if the total amount of concrete and steel used is
known. It is important to point out that the volume of over-break is relevant and it should be
considered.

In general terms, a typical value of the CO2 emission rate for tunnels excavated by conventional
methods through medium strength rockmass under similar conditions of the tunnels in northern Spain,
expressed as kg of CO2 emitted to the atmosphere per meter of tunnel advanced, is 10,000 kgCO2/m.

This value can grow up to 15,000 kgCO2/m under worse conditions: big cross section (greater than
120 m?), weak rockmass (RMR<30) which is excavated mainly by hydraulic breaker hammer and
needs a strong support, or electricity production by means of electrical generators.

On the contrary, if the conditions are better (smaller cross section, medium to strong rockmass,
possibility of excavating by drilling and blasting or electricity supplied by a company), the CO2
emission is reduced to about 8,000 kgCO2/m and even more (in the case of tunnels of less level of
responsibility).

From the three advancing methods studied, the one that seems to have a better performance (from
the CO2 emissions point of view) is the drilling and blasting system.
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By using the proposed procedure or method, an absolute value of CO2 emissions can be obtained;
nevertheless, due to lots of variables evolved, this value can vary from one place to another. A good
procedure is to use the method to compare different alternatives for a tunnel rather than evaluate the
absolute value for the Carbon footprint of a given tunnel.
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APENDIX — FORMULAE TO ESTIMATE THE AMOUNT OF MATERIALS AND ENERGY

The design of the blasting, transport, support, ventilation, lighting, dewatering and other systems in a
tunnel is a complex task that has to be carried out by engineers or technicians with experience. The
following is only an approach to estimate the quantity of materials and energy used in order to
estimate with accurate enough the CO2 emissions. The formulae presented here should not be used
for direct design of the systems.

A.1. Formulae to assess the Materials (steel and concrete) consumption

Mass of steel

Let us assume a tunnel that has advanced from an initial length Lo to a final length Lt. If the tunnel a
cross section is S (in m2) the total lateral area of the tunnel corresponding to the lining is in m2;

N
ALL = (Lf - Lo) 27‘[\/; (A.1)
And the lateral area Ais on which the support is installed is in m2:
Aps = crur ALL (A.2)

crvr= 0.75 if RMR>30 and there is no support on the floor (invert) or crmr= 1.0 for RMR< 30. Using
the recommendations of Romana (2014), the mass of steel related to bolts per square meter of tunnel
wall ms can be estimated approximately in kg/m? as follows:

m, = 0.0065 (100 — RMR)? (A.3)

In the same way, the mass per square meter and the total mass of steel related to steel sets are:

mg =120 — 2.1 RMR (A.4)

It is assumed that in Spain is common to use steel sets only when RMR < 50.

And the total mass of steel is in t:

Mg = (my, + my) Apg (A.5)
Mass of concrete

The design thickness of the sprayed concrete tq, in cm, can be estimated by:

t; = 35.5 — 0.4 RMR (A.6)

only for RMR < 80 because when RMR> 80 shotcrete is not used.

On the other hand, there is significant quantity that has to be used to fill the void due to over-
excavation; it can be assumed that the thickness of the over-excavation is about twice the theoretical
thickness of the support:

toe = 2 t, (A.7)

which also includes the proportion of shotcrete which is lost because the rebound when it is applied. It
is a conservative value based on our own experience and other authors as Innaurato et al (1998),
Mohammadi et al. (2015) or Mottahedi et al (2018). Then, the total thickness of shotcrete tsc is in cm:

tee ~ 3ty = 106.5 — 1.2 RMR (A.8)
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Assuming a typical density of 2.3 t/m3, total mass of shotcrete per square meter is, in t/m2:
mg. = 0.023 (106.5 — 1.2 RMR) (A.9)

In general terms, in Spain the thickness of the lining does not depend on the rockmass quality. A
typical value is t.= 35 cm for highway tunnels and t.= 40 cm for railway tunnels. Assuming a density
2.3 t/m3, the mass of concrete per m2 of wall tunnel is in t/m2:

m, = 0.023 t,, (A.10)
And the total mass of concrete used for support and the lining is:

M. = (mg cgur +mc) AL (A.11)

A.2. Formulae to assess the fuel consumption

Out of road vehicles

The power in kW necessary to move a mass m (in metric tonnes) with a speed of v (km/h), on a road
with a slope i (in %) and a friction coefficient fr (in %), is:

_ mgv
360 TR

(fr £ (A.12)

PTR

being ntr the overall performance, g the gravity acceleration and m is the total moved mass

(truck+load).

If ¢ is the specific consumption in I/kWh (or litters of fuel spent to produce one kWh), and dgq is the fuel

density (in g/l) the fuel consumption (in g/h) will be:

c,=209%% (p o4y (A.13)

360 NTR

And the fuel consumption per ton moved and km ran (in g/txkm) is:

_ Cgdg (fRii) (A.14)

9 7 360 nrR
If dg= 833 g/l, g= 9.82 m/s?, ntr= 0.80, ci= 0.25 I/(kWh), the following simplified formula is deduced:
Cog=7 (frti) (A.15)
A typical value for the friction coefficient in a civil work road is fr= 3.5%.
Trucks

To calculate the emissions due to the transportation from the production factories to the construction
site we will use an approach based on Lopez and Sanchez (2008) results. The consumption, in

grams, will be given using the following formula:

Cp~15— = (A.16)

Where Cg is the amount of diesel consumed (grams) per ton transported and km driven and v is the

speed of the truck.
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A.3. Formulae to assess the electrical energy consumption

Ventilation system

The electrical power Py (in kW) needed by a fan which supplies an air flow rate of Qv (m3s) with a

total pressure of Hv (Pa) is:

p, =x& (A17)

1000 7F
Where nr is the overall performance of the fan.

The pressure loss in a duct with a length L (in m) and diameter d (in m) when an air flow rate of Qa

(m?3/s) passes through it can be estimated by:

H,=0992 X L Q2 (A.18)

dS
Where A is the friction factor and the coefficient 0.992 evolves the density of the air, the gravity
acceleration and the number 1. By substitution in the formula of the power:

_ 10-3 A0}
P, =10 - L (A.19)

Assuming now a typical values A= 0.024, ne= 0.80, and taking into account that the airflow rate at the
face under acceptable conditions is Qr= 0.85 Qv, the electrical power demanded by the fan as a

function of the length and the necessary airflow rate at the face will be:
3
P, =5x1073 % L (A.20)

Nevertheless, there is a relationship between the typical values of Qr required in the tunnel, the
diameter of the duct used and the maximum length of the tunnel (typical values of d= 1.6 to 2.5 m for
tunnel lengths of Lmax = 1000 to10000 m). Consequently, it can be observed empirically that the

necessary electrical power at a given moment is proportional to the length of the tunnel L:
P,=c, L (A.21)

From our experience we have found that advancing by drilling and blasting up to 3000-4000 m from

one of the portals, this coefficient is of about ¢, = 0.100.
P, =0.100 L (A.22)

When a tunnel advances from Lo to Ly, the average electrical power demanded is in kW:

P, = 0.100 222 (A.23)
Due to the fan works practically 24 hours a day the energy consumed is (in kWh):
ECV = 24’ T PV (A.24)

Where T is the time, in days, spent for the excavation from Lo to Ls. Let us assume a tunnel through a
rock mass characterized by its RMR; the advancing per round or advancing per blast agi, in m/round,

can be estimated approximately as follows:
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RMR
10

(A.25)

ag; =

If the number of rounds or number of blasts a day is ngi, in rounds/day, the total time to excavate the

tunnel from Lo to Ltis, in days:

T= St (A.26)

npi api

Tunnel dewatering system and water treatment plant

When a tunnel with a slope i (%) is excavating downhill, the water must be taken off the tunnel by a
pumping system. The electrical power Py (in kW) needed by a hydraulic pump pumping a water flow

rate of Qw (m3/s) under a total pressure of Hw (Pa) is:

= HwQy (A.27)

W ™ 10007p

Where np is the overall performance of the pump. If the specific water flow rate is q., in m3/s per m of

tunnel, the water flow rate for all the tunnel is:

Qw=q. L (A.28)

Water inflow becomes in a problem for high water flow rates. Based on our experience, a value of qL
between 2x10-% y 5x10-5 m3/s per m of tunnel can be used in this case.

Hw has two contributions. The first is the geometric height He or difference between the pump and the
water exit point. For the case of a tunnel with a length L with moderate slope i (%) and assuming that

there is a pump at the advancing face, Hs can be calculated, in m, as follows:

Hy= -~ L (A.29)

100

The other contribution of the total pressure is the pressure losses due to the circulation of water within

a pipe J which can be estimated, in m, by classical formulae as the follows:

n? L
] =10.34 m Qa, (A30)
Where d is the pipe diameter, in m, and n the friction factor which depends on the pipe material. The

total pressure is, in Pa, is:

H, = 1000 g (Hg +)) (A.31)

Where g is the gravity acceleration. Then, the electrical power is in kW:

P, = gL Qy (;'_I_ 10.34 n? Q‘?V) (A.32)

np 100 da16/3
For the case of very long tunnels in which the quantity of water flow is very high, it is common to use

several pipes Np in parallel and the water flow rate for each one is:

Qup = 22 (A.33)

The total power corresponding to this fraction of the flow rate is:
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_ ILQwp [ i 10.34 1% Q%
Py =N, &2 (o + o) (A.34)

Pipes and pumps are selected as a function of the maximum length of the tunnel Lmax and then the

power required for a given length L is approximately proportional to this length:

P,=c, L (A.35)
From the analysed tunnels, typical values are cw= 0.25 for tunnels with i= 1%-5% and cw= 0.50 for
tunnels with i= 5%-15%.

Once the power is known, the energy can be estimated by using the formulae A.24 to A.26.

Finally, the power necessary in the treatment plant is approximately proportional to the water flow rate

to be treated:

Pt = Ct qL L (A.34)
From data of different tunnels, we have found that the average installed power in the water treatment

plant is of about 1000 kW per m3/s of water to be treated c= 1000.

External services and tunnel illumination
The tunnel is illuminated by means of lamps with two 36 W fluorescent tubes each 5 m of tunnel. On
the other hand, each working face is illuminated with four lamps 1000 W each one. Assuming that
there are two working faces (one the advancing face and another in an intermediate point) the

electrical power for the lighting of a tunnel is in kW:

P, =8+ 0.015 L (A.35)
The average electric power necessary for the lighting while the tunnel advances from the length Lo to

the length Lsis:

Lo+Ly

P, =8+ 0015 <=L (A.36)

If the power demanded by external services (offices, workshops...etc) is Pex, then the total electric

power for auxiliary systems Paux is:

Poux = Pexe + P, (A.37)
Assuming that in the worst conditions both external services and lighting have to work 24 hours a day,

the energy demanded in a day is, in kWh/day:

Epux = 24 Py (A.38)
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