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Abstract: Directive 2017/164/EU proposed a drastic reduction of nitrogen monoxide (NO) and
nitrogen dioxide (NO2) levels, thereby fortifying the health protection framework within the mining
industry. Despite the commendable record of non-road emissions standards (Stage IV and V) in
continuing to reduce NOx emissions, concerns remain about compliance with the directive’s strict
limits, particularly in demanding tunnels and mining fields. To illustrate this problem, this study
undertakes a comprehensive assessment of the practical feasibility surrounding the implementation
of these proposed limits in a 6.2 internal diameter tunnel-boring machine (TBM) tunnel constructed
with Stage III emission locomotives. The results cast light upon the formidable challenges entailed in
achieving strict compliance with the envisioned limits, with a substantial number of measurements
notably surpassing these thresholds, primarily concerning NO2 emissions from Stage III engines. To
address these challenges, this study highlights the key role of moving to Stage IV-V locomotives or
introducing electric locomotives to effectively reduce NOx emissions, ensure compliance with the
directive, and avoid delays in tunnel construction.

Keywords: TBM; NO2; Directive 2017/164/EU; NOx; Stage V

1. Introduction

Directive 2017/164, published on 31 January 2017, proposed new indicative occupa-
tional exposure limit values (IOELV) with the aim of increasing health protection in mines.
This directive called for a significant reduction in nitrogen monoxide (NO) levels from
25 ppm to 2 ppm, and nitrogen dioxide (NO2) levels from 3 ppm to 0.5 ppm. However,
concerns have arisen about the feasibility of implementing such stringent limits, especially
in the context of tunnelling and underground mining activities [1]. The directive allows
for a transitional period until August 2023 [2], during which measures need to be taken to
comply with the proposed reductions.

On the other hand, the progression of emissions standards for non-road machinery
throughout the past two decades highlights a substantial and ongoing commitment to the
reduction of NOx emissions. The transition from less stringent Stage I (1999) and Stage II
(implemented from 2001 to 2004) regulations to the more rigorous Stage III (enforced from
2006 to 2013) and Stage IV (introduced in 2014) standards vividly demonstrates a continuous
commitment to emissions reduction. Notably, the permissible level of NOx emissions for
engines with a net power range of 130 to 560 kW evolved as follows: 9.2 g/kWh in Stage
I, reduced to 6 g/kWh by the conclusion of Stage II, and further lowered to 2 g/kWh at
the end of Stage III. Stage IV engines, however, adhere to an exceptionally stringent NOx
emission limit of just 0.4 g/kWh. Importantly, Stage V, established in 2019, maintains the
same NOx emission limit as Stage IV. This remarkable decrease in permitted emissions
clearly demonstrates the significant breakthroughs made in emissions control technology

Appl. Sci. 2023, 13, 10551. https://doi.org/10.3390/app131810551 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app131810551
https://doi.org/10.3390/app131810551
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-7285-2347
https://orcid.org/0000-0003-1519-6133
https://doi.org/10.3390/app131810551
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app131810551?type=check_update&version=2


Appl. Sci. 2023, 13, 10551 2 of 14

and procedures. The legislative development from Stage I/II to Stage III/IV represents a
determined attempt to reduce NOx emissions from machinery, with each level reducing
emission thresholds and fostering technical advancement to set the groundwork for a
cleaner and more sustainable future.

In response to these concerns about NOx Directive 2017/164 and Stage V application,
plant manufacturers are exploring alternatives to traditional diesel power, such as electric
or hydrogen fuel-powered motors, as well as adopting emission control systems like diesel
particulate filters (DPFs) and selective catalytic reduction (SCR) [2,3].

While efforts are being made to comply with the new limits, there is a lack of published
studies on nitrogen oxides (NOx) in tunnel construction or mining activities. A study
conducted in a tunnel that was constructed using the New Austrian tunnelling method
(NATM) indicated that significant efforts are required before 21 August 2023, to meet the
directive requirements [3]. Similarly, an investigation in an underground tungsten mine
using the room and pillar mining methods reported NO2 and CO values that exceeded the
directive limits [4]. Also, a magnesite and dolomite underground mine, exploited using
the post pillar and sublevel open stopping methods, showed NO2 values surpassing the
directive [4]. Similar levels were also shown in a Swedish iron ore mine [5]. Furthermore,
the Health and Safety Executive (HSE) reported average NO values of up to 3 ppm and
NO2 values of up to 1.9 ppm in a sewer drill and blast tunnel [6]. In addition to studies
assessing NOx concentrations in tunnel construction and mining activities, there have been
previous studies that estimate the emissions of nitrogen oxides (NOx) in tunnel motorway
construction [7,8].

The global tunnel-boring machine market is experiencing significant growth, but there
are limited data on NOx emissions during tunnel construction with tunnel-boring machines
(TBMs). TBMs are preferred for their avoidance of explosives, which are a major source of
NOx emissions in tunnelling construction activities [9].

In recent decades, mounting concern has surrounded NOx exposure due to its sig-
nificant health implications. Peaks in NO2 levels have been linked to increased hospital
admissions [10], with a particular emphasis on its concentration in enclosed spaces that are
exposed to exhaust emissions [11]. The consequences of prolonged and intense exposure to
nitrogen dioxide (NO2) in confined areas can be severe, occasionally resulting in fatalities.
Even at low concentrations, NOx has been associated with respiratory problems, respiratory
infections, and stroke [12].

Fatality resulting from NO2 inhalation is attributed to bronchospasm, pulmonary
edema, hypoxemia, and respiratory acidosis [13]. Furthermore, studies have established
a correlation between lower NOx concentrations and fatalities related to respiratory
illnesses [14].

Workers exposed to NO2 may experience symptoms like irritation, coughing, and
dyspnea, which can persist for extended periods, even at modest exposure levels. Severe
exposure can manifest as coughs, chest pain, dyspnea, cyanosis, and pulmonary edema.
Additionally, exposure to NO2 can induce the production of nitrosamines, some of which
are associated with cancer risk [15]. Monitoring NO2 levels not only aids in identifying
diesel emissions but also indicates the presence of other anthropogenic pollutants [16],
often correlating with elemental carbon concentrations [17].

It is important to note that nitric oxide (NO) is inherently unstable in the air, spon-
taneously oxidizing to NO2. This oxidative process can potentially lead to DNA strand
breakage and mutagenic base changes upon exposure [18].

NOx in tunnels primarily originates from diesel engines burning fuel that reacts
with airborne water vapor, forming acids that damage human lungs and cause chronic
illnesses [19]. Additionally, tunnel-boring machines (TBMs) are equipped with emergency
generators, which are only used in the case of power supply failure or for high voltage
(HV) cable extensions.

The objective of this study is to evaluate the feasibility of implementing the indicative
occupational exposure limit values (IOELV) suggested in Directive 2017/164/EU and to
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provide detailed information on NO2 concentrations in a TBM tunnel during construction.
We have selected a medium-diameter tunnel as an example, as these tunnels pose greater
challenges for ventilation and may more easily exceed the proposed limits.

2. Materials and Methods
2.1. Tunnel-Boring Machine (TBM)

An Earth Pressure Balance Shield (EPB) TBM was selected for use in cohesive soils
with high clay, mud, or silt contents and low water permeability. The TBM’s cutting wheel
excavates the soil while also serving as support for the tunnel face to prevent settlement.
Additives such as foam are used to condition the excavated material for conveyance [20,21].
Ten gantries are installed behind the shield, housing mechanical devices for transporting
segments, handling grout, and supplying hydraulic and electric energy. The gantries also
contain primary cooling circuits and the primary air ventilation system. The TBM had a
total length of 110 m and required a crew of 20 workers, including various roles such as
the pit boss, lead miner, TBM driver, erector driver, ring builders, segment feeder and belt
extension operators, TBM engineer, fitters, electricians, surveyor, cleaner, and assistants.

The TBM cycle is divided into the following parts:

(a) Advance Preparation: The logistic process is adjusted to ensure that the grout and
segment trains arrive just as the ring build is completed. Grout is pumped from the
grout car into the permanently installed grout tank on the gantry, and segments are
loaded into the segment feeder’s unloading area.

(b) Advance Mode: Once the ring build is finished, the TBM driver activates the advance
mode. The driver controls various parameters, including the EPB pressure in each
sensor, the advance rate, tail skin articulation, tail seal compound, shield articulation,
foam injection, screw conveyor, belt scales, and cutting wheel. The duration of this
phase generally ranges from 15 to 40 min.

(c) Grouting: While the TBM is in advance mode, the grout man injects grout into the
last constructed ring to prevent settlements. Grout is injected via four independent
grout pumps, each serving one grout line in the tail skin.

(d) Ring Build: After the advance is completed and the tail skin clearance is measured,
the lead miner, erector driver, and two miners start constructing the ring, following a
predefined sequence generated via an informatics program. The ring build usually
takes between 10 and 20 min.

(e) Ancillary Operations: Other essential operations for TBM progress include belt exten-
sion, track extension, pipes extensions, and other necessary services.

2.2. Locomotives

The project utilized Schoma CHL 200G 40-tonne tunnel locomotives for hauling
materials to the operating tunnel-boring machines. The locomotives comply with EU
regulation 2004/26/EC stage IIIA and US standard EPA TIER III for exhaust emissions.
They are specified as follows:

• Loco weight: 40 t;
• Power: 200 kW;
• Track gauge: 900 mm;
• Loco width: 1600 mm;
• Fire suppression system for the engine compartment with semi-automatic activation;
• Particulate filter CRT for regeneration (exhaust system silencer);
• Color video system;
• Additional driver’s control panel within the man-riding vehicle (loco and man-rider

form one unit with control panels at each end);
• Fitted radio system for communication with the rail movement control room (RMC),

and other locomotives.

The locomotives are designed to handle a maximum gradient of 3.7%, with an extra
2–3% capacity for short-length climbs into fixed crossings. They have a maximum haulage
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capacity of 85 tonnes and a maximum speed of 30 km/h. Equipped with hydrostatic drive
transmission and a retarder, they can maintain a constant downgrade speed without using
pneumatic wheel brakes. An electronic control system allows the driver to run the train at
a pre-set constant speed. The locomotives are the primary source of NOx emissions in the
tunnel, with a theoretical NOx emission of 4 g(HC + NOx)/kWh when 90% of the mixture
NOx is NO.

2.3. Ventilation System

The primary ventilation system, known as blowing ventilation, consists of a three-
stage fan with a power of 250 kW and a nominal diameter of Ø1.4 m. Air is blown through
an Ø1.6 m ventilation duct, which is stored in segments of 100 m in a cassette system. This
system allows for easy cassette change and duct extension. The primary ventilation system
is designed to provide approximately 17 m3/s at the tunnel face (about 25 m3/s at the fan)
when the tunnel reaches its maximum length of 6800 km. The fan selected for temporary
ventilation during tunnel excavation is the Zitron Axial type ZVN 1-14-250/4.

The secondary ventilation system, known as exhaust ventilation, circulates air in the
TBM and the tunnel. It sucks air from the front of gantry one and blows it behind the
ventilation cassette, ensuring air circulation of the TBM despite the primary ventilation’s
output being at the end of the gantries. This system consists of a 0.6 m diameter steel air
tube and a 15 kW ventilator located on the top level of the gantry.

2.4. Gas Monitoring

A stationary gas measurement system (Figure 1) is installed on the TBM and gantries to
measure gas concentrations at the height of 1.5 m, which is recommended for environmental
and occupational measurements [22,23].
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Figure 1. Trolex fixed gas monitoring station.

The gas-monitoring system (GMS) sensors are divided into two groups, one located
in the TBM next to the man locks and the other in the main control box at gantry two.
The incoming data are continuously evaluated and stored in the data logging system, and
displayed on the operator control cabin display to indicate gas levels. A horn signal is
given when a limit value is exceeded to warn all personnel working with the TBM.

The gas monitoring system includes electrochemical sensors for NO2 gas detection
with specific linearity, range, and resolution information. The TBM stores the average gas
concentration during the excavation cycle, and every time the TBM operator presses the
ring-built button, the average gas concentration per ring is recorded. The gas monitoring
equipment specifications are as follows:

NO2 Sensor:

• Range: 0 to 20 ppm;
• Linearity: 2%;
• Time Response: <20 s;
• Resolution: 1 ppm.
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The measurement method used in this study has been found to be entirely valid for
the current established limits, at that time. However, it should be noted that in the event of
a substantial reduction in occupational exposure limit (OELV) levels, the current measuring
equipment may no longer be the most suitable.

Understanding the repercussions of a significant decrease in OELV levels, especially
concerning nitrogen dioxide (NO2) concentrations, is crucial. The measurement equipment
utilized in this study is considered valid and reliable for this purpose. It will allow for an
accurate assessment of any changes in NO2 levels, enabling informed decisions to protect
workers’ health and maintain air quality in the work environment.

2.5. Sample Design

The TBM crew can be considered a similar exposure group (SEG), since the workers
move around the TBM during their shift. According to the UNE-EN 689 standard [24],
at least 3 to 6 representative exposure measurements are required for workers in each
SEG. Continuous monitoring using the Trolex station with a 24/7 alert system provides
representative NOx levels during the TBM tunnel construction. The monitoring setup
meets and exceeds the requirements outlined in Technical Instruction 04.7.06 of the General
Regulation on Basic Mining Safety Standards adopted in Spanish Royal Decree 863/1985
of 2 April 1985. This instruction demands a minimum of 30 samples of at least 10 s each
when using direct reading devices; the continuous monitoring in this study surpasses
these requirements.

2.6. Limits

Occupational exposure limit values (OELVs) and short-term OELVs are crucial in
ensuring worker safety. OELVs represent the average exposure during a work schedule of
8 h per day and 40 h per week, while short-term OELVs refer to the 15 min exposure that
should not be exceeded at any time during a workday, even if the 8 h OELV is within limits.

According to Spanish and European legislation until August 2023, the recommended
OELVs for NO and NO2 in mining and tunnelling activities are 25 ppm and 2 ppm,
respectively, with corresponding short-term OELVs of 30 ppm and 5 ppm. However,
Directive 2017/164/EU proposed significant reductions in NOx limits, with the proposed
OELVs for NO being 2 ppm and NO2 being 0.5 ppm. The short-term OELV for NO2
was proposed at 1 ppm. Table 1 provides a comparison of the current limits and the
proposed limits.

Table 1. OELVs in mining: current limits and proposed limits.

Gas Current
OELV (ppm)

Current Short-Term
OELV (ppm)

Proposed
OELV (ppm)

Proposed Short-Term
OELV (ppm)

CO 25 100 20 100
CO2 5 12.5 5 -
SO2 0.5 1 0.5 1
H2S 5 10 5 10
NO 25 30 2 -
NO2 3 5 0.5 1

Directive 2017/164/EU proposed a drastic reduction in NOx limits. It is essential
to note that the proposed reduction in NOx limits in Directive 2017/164/EU is already
being implemented in other underground activities, such as works in underground car
parks. However, the proposed levels will be subject to review before the transitional
period ends. The directive acknowledges that there are currently difficulties with the
availability of measurement methodologies that could be used to demonstrate compliance
with the proposed limit value for nitrogen dioxide in underground mining and tunnelling
environments [25,26].
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3. Results

To gain a comprehensive understanding of the issue, Figure 2 illustrates the daily NO2
averages along with the daily TBM ring production. A clear relationship can be observed
between the TBM’s production and an increase in NO2 levels in the TBM. As the TBM
production increases, the number of locomotives required for transporting rings, grout, and
other materials also increases, leading to higher NO2 emissions in the TBM. Additionally,
Figure 2 shows a correlation between the tunnel length and NO2 levels. As the tunnel
length increases, the TBM’s performance improves, but this improvement is accompanied
by an increase in NOx levels. Furthermore, the reduction of airflow at the tunnel face due
to the expansion of the tunnel length also contributes to the higher concentration of NOx.
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Figure 2. Daily NO2 averages and daily TBM ring production.

The average NO2/NO ratio is 0.70 ppm NO2/ppm NO. This ratio provides important
insight into the composition of NOx emissions in the tunnel and can be valuable for further
analysis and mitigation strategies.

Overall, there were a total of 4640 NO2 readings collected throughout the 349-day
construction period of the tunnel. The following section will analyze these data compre-
hensively, including individual data points and daily averages.
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There is a clear relationship between the number of rings installed per day and the
concentration of NO2 in the air. As seen in the graph in Figure 3A, the NO2 concentration
increases as the number of rings increases. Although there is some dispersion in the results,
a linear relationship can be established, with a correlation coefficient of r2 = 0.78. This
is logical because the more rings are installed in a day, the more times locomotives have
to enter the tunnel on that day, and therefore, the higher the amount of NO2 they have
emitted inside the tunnel. However, this relationship becomes much more evident when
representing the total volume of NO2 emitted inside the tunnel as a function of the total
number of rings installed up to that point. As shown in Figure 3B, the relationship between
these variables is much clearer. It should be noted that if the number of locomotives was
continuously increased as the tunnel progressed, the relationship between these variables
would be parabolic, as seen in the first part of the graph. In this case, beyond a certain tunnel
length, the number of California crossings and, consequently, the number of locomotives
inside the tunnel remains constant. As the decrease in air flow rate is nearly linear for large
lengths, the concentration will increase linearly.
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4. Discussion

The data presented in Figure 2 underscore the dynamic nature of NO2 emissions
during TBM tunnel construction and highlight the factors that influence their levels. They
emphasize the necessity for the meticulous management of TBM production, locomotive
usage, and ventilation to mitigate the impact on air quality and safeguard worker health.
These findings shed light on the complexity of NO2 emissions in tunnel construction
projects and underscore the importance of adopting effective strategies to minimize their
adverse effects on the environment and the well-being of the workforce.

To assess the compliance with the current and proposed occupational exposure limit
values (OELVs) for NO2, all available measurements were classified and summarized in
Tables 2 and 3, respectively. Table 2 indicates that, under the current OELV, 36 measure-
ments exceed the limits. However, under the proposed OELVs in Directive 2017/164/EU,
3457 measurements exceed the proposed limits (74% of measurements exceed the limit
for NO2), indicating a substantial potential for exceeding the legal thresholds if mitigation
measures are not implemented effectively.

Table 3 presents the daily average concentration of NO2, and the corresponding
number of days that exceed different concentration ranges in relation to the current and
proposed OELVs. It reveals that, under the current OELV, all measurements are below the
OELV. However, with the proposed OELV, 209 days (60% of the days) surpass the OELV.

Figure 4 demonstrates the percentage of days with different NO2 average concen-
trations under the current and proposed OELVs. While there are no significant concerns
for NO2 concentrations within the current limits, approximately 60% of the days will
surpass the limit under the proposed OELV, and 13% of the days will be close to the limits.
These findings emphasize the urgent need for effective mitigation strategies to control NO2
emissions during TBM tunnel construction and ensure compliance with the proposed OELV.
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Table 2. Number of NO2 measurements in relation to the current OELV and the proposed OELV.

Current OELV
Gas Sensor NO2

Proposed OELV Directive 2017/164/EU
Gas Sensor NO2

Maximum 4.58 ppm 4.58 ppm
Average 1.02 ppm 1.02 ppm

Measurements
>OELV 36 3457

Measurements
>50% OELV to OELV 1067 437

Measurements
>10% OELV to 50%

OELV
2692 302

Measurements
<10% OELV 842 440

Table 3. Number of days with NO2 daily average in relation to the current OELV and the
proposed OELV.

Current OELV Proposed OELV in the
D. 2017/164/EU

Gas Sensor NO2 Gas Sensor NO2

Nº days with concentrations > OELV 0 209
Nº days with concentrations >

50% OELV to OELV 46 46

Nº days with concentrations >
10% OELV to <50% OELV 199 48

Nº days with concentrations <
10% OELV 104 46

Overall, the results reveal the potential challenges in meeting the proposed OELVs for
NO2 during TBM tunnel construction.

4.1. Possible Technical Solutions

To meet the NO2 limit value (OELV = 0.5 ppm) proposed in Directive 2017/164/EU
during TBM tunnel construction, various technical solutions are explored.

4.1.1. Performance Adjustment

Maintaining the current TBM tunnel facilities (including Stage III engines in the lo-
comotives) while adhering to the directive’s OELV limit would impact TBM performance.
One approach is to decrease TBM performance, resulting in fewer trips to transport materi-
als and segments, and leading to reduced NOx emissions and lower gas concentrations in
the tunnel atmosphere. For the case analyzed, where the TBM production was maintained
at an average of 18 rings/day at its maximum length, 18 rings/day can be considered a
realistic advancement rate.

To estimate the NO2 average concentration inside the tunnel, theoretical calcula-
tions were performed based on specific design parameters and measures following the
below premises:

- Maximum tunnel length: Lmax = 6880 m;
- Average performance (average number of rings/day) = 18 rings/day;
- Number of locomotives in the tunnel (NL): variable, from 1 to 4 locos in the tunnel

simultaneously;
- Locomotive speed: vL = 15 km/h;
- Rings transported per trip = 1 ring;
- Unloading time of the material in the TBM: t0 = 15 min;
- Duration of the excavation cycle + ring placement: tC = 40 min;
- Locomotive Power: PL = 200 kW;
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- Average power used by the locomotive (approx.): PM ≈ 30% PL;
- NO2 emission rate: eNO2 = 3.0 g/kWh;
- Minimum fresh airflow at the face: Q = 18 m3/s;
- Diameter of the ventilation pipe: dT = 1.6 m.
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Herein, we present a simplified calculation method to quantitatively analyze the
issue. Our aim is not to conduct an exhaustive ventilation calculation but to provide a
straightforward illustration of the limitations imposed by the new regulations and their
practical implications. Although this method is theoretical in nature, the calculation
parameters are derived from practical experience.

Suppose, at a given moment, that the tunnel’s length is denoted as L (meters), the
locomotives’ speed as v (km/h), and a time t0 (hours) is taken for the ring installation
maneuver. In this case, the time that a locomotive spends inside the tunnel for each ring,
denoted as ti (hours per ring), is calculated as follows:

ti = t0 + 2
L

1000 v
(1)

If nA rings are installed per day, the total time that the locomotives spend inside the
tunnel, denoted as tL (hours per day), can be expressed as

tL = nA ti (2)

The number of locomotives inside the tunnel simultaneously is determined by the
need to ensure rapid ring installation to facilitate excavation. For short tunnels, a single
locomotive (NL = 1) is sufficient. As the tunnel’s length increases, the number of locomotives
is incrementally raised, up to a maximum of NL = 4. When the tunnel reaches its maximum
length, it can accommodate three to four locomotives simultaneously, with an average
taken as NL = 3.5.

Let us assume that a locomotive consumes an average power, PM (kW), during its
work in the tunnel and transports one ring in each cycle. The total average power consumed
by the locomotives in the tunnel, denoted as PMT (kW), is calculated as

PMT = NL PM (3)



Appl. Sci. 2023, 13, 10551 10 of 14

The energy consumed by the locomotives in a day, denoted as EL (kWh/day), is given
through the following equation:

EL = PMT tL (4)

If the locomotive’s NO2 emission rate is eNO2 (g/kWh), and the NO2 density is dNO2
(kg/m3), then the daily volume of NO2 emitted by the locomotives, denoted as VNO2
(m3/day), can be calculated as

VNO2 =
EL eNO2

1000 dNO2
(5)

For a uniform operation, the ring installation is distributed throughout the day, and
this volume of NO2 will dilute into the incoming airflow over the course of the day. The
average NO2 flow rate introduced into the tunnel, denoted as q (m3/s), is calculated as

qNO2 =
VNO2

24 × 3600
(6)

If the clean air supply from the ventilation system is denoted as Q (m3/s), the average
volume-based NO2 concentration within the tunnel, denoted as CNO2 (ppm), is calculated as

CNO2 = 106 qNO2

Q
(7)

The theoretical curve of the flow rate as a function of the tunnel length is determined
based on the fan’s characteristic curve and tunnel data. Assuming a ventilation pipe with a
1.6 m diameter, the flow rate Q (m3/s) can be calculated as follows:

Q = Qmin + (Qmax − Qmin) exp(−c L) (8)

The typical values for an installation with a 250 kW fan and a 1.6 m diameter pipe
with minimal leaks are Qmax = 55 m3/s, Qmin = 25 m3/s, and c = 0.0004.

These calculations reproduced the actual situation, where a maximum advancing rate
of 18 rings/day ensured that NO2 concentrations remained below 3 ppm, complying with
the current legislation. Only a slight decrease in the advancing rate would be necessary for
tunnel lengths beyond 5500 m (Figure 5).

However, conforming to the new directive’s requirement without making modifica-
tions to tunnel facilities presents significant challenges. As the tunnel length exceeds 1000 m,
maintaining an average performance of 18 rings/day would necessitate the operation of
two locomotives. Upon reaching a tunnel length of 6500 m, the performance would need
to be gradually reduced to 3 rings/day to meet the OELV (Figure 6). Implementing such
performance reductions could result in potential economic losses, rendering this approach
less feasible in practice. However, if real conditions lead to an advancement rate of less
than 3 rings/day (e.g., due to difficult ground excavation), the tunnel could still be mined
using the existing facilities and work schemes.

4.1.2. Changes in Current Operating Parameters

To maintain performance, changes to the current operating parameters are considered.
One possibility is increasing the locomotive speed inside the tunnel. However, this theoret-
ical proposal may conflict with other requirements of occupational risk prevention legisla-
tion, especially regarding safety and ground-borne noise in the medium-diameter tunnel.

Another parameter to be considered is increasing the ventilation [27], but space
limitations in the medium-diameter tunnel make increasing ventilation bagging challenging.
However, hypothetically increasing the ventilation pipe diameter to 2.0 m and achieving a
realistic flow increase of up to 45 m3/s are contemplated. Even with these modifications
(speed of 20 km/h and flow rate of 45 m3/s), sustaining an advancing rate of 18 rings/day
is feasible only up to 2000 m, providing minimal improvement (Figure 7).
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Increasing the number of locomotives inside the tunnel poses further challenges, as
the proposed technical measures may be difficult to apply effectively. This highlights that
diesel locomotives, similar to current models, might not be practical in most projects under
the new directive’s requirements.

4.1.3. Reducing or Eliminating NOx Emissions at the Source

To address NOx emissions at the source, two potential solutions are considered:

(a) Use Stage IV or Stage V engines in the locomotives, or locomotives equipped with
diesel particulate filters (DPFs) and selective catalytic reduction (SCR) technologies

Stage IV and Stage V, utilizing a combination of DPF and SCR technologies in diesel
plant machinery, can effectively reduce NOx levels. The process involves neutralizing CO
in a catalytic chamber and using a particulate filter to capture diesel particles. Finally, urea
is utilized in a catalytic chamber to neutralize NOx. Operating within a temperature range
of 200–450 ◦C, this emission control technology offers promising possibilities. Stage IV and
Stage V reduces NOx emissions to 0.4 g/kW. If we recalculate the parameter adjustment
with this emission rate, the number of locomotives increases as the tunnel progresses,
reaching a maximum of four locomotives in the tunnel simultaneously. In the analyzed
case, performance could be maintained at 18 rings per day without reaching the maximum
emission of 0.5 ppm of NO2 (Figure 8).

The use of locomotives with Stage IV or higher engines significantly reduces emissions,
enough to meet the requirements of Directive 2017/164/EU.
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(b) Electric or Hybrid Locomotives

An alternative approach involves the use of electric or hybrid tunnel locomotives to
eliminate NOx emissions right at the source. While some manufacturers do offer such mod-
els, limitations in locomotive power make this solution primarily viable for smaller tunnels
or those without significant gradients and with low requirements for transporting heavy
loads. Nevertheless, in the context of this example, there are already electric locomotive
solutions available, albeit with certain considerations. For instance, the onboard battery can
complete eight to nine full runs when the tunnel spans its full length of 6.8 km, requiring
approximately 8 h for recharging. In cases of continuous operation, a secondary battery
for the next shift can be provided, allowing for seamless battery swapping and recharging.
In general, electric locomotives are more expensive to purchase and maintain than diesel
locomotives. The hybrid solution helps the locomotive accelerate the train faster than a
diesel locomotive of the same capacity. Ultimately, the choice between electric or hybrid
locomotives for tunnel construction will depend on the specific needs and requirements of
the project.

5. Conclusions
5.1. Achieving NO2 Reductions in Tunnels

Directive 2017/164/EU’s ambitious targets for NO2 reduction within tunnels using
tunnel-boring machines (TBMs) can be readily met by adopting electric locomotives. How-
ever, it is important to acknowledge that this may not be a feasible solution in scenarios
involving steep slopes or requirements for transporting heavy loads.
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5.2. Effective Alternatives to Electric Locomotives

In cases where steep slopes are a concern or heavy loads are required, the utilization
of locomotives equipped with advanced Stage IV or Stage V engines is recommended.
These engines incorporate state-of-the-art technologies such as diesel particulate filters
(DPFs) and selective catalytic reduction (SCR), which have demonstrated their efficacy in
significantly reducing NOx emissions, aligning with the directive’s limits.

5.3. Managing Older Machines

For tunneling projects that involve older machines adhering to Stage III or lower
emissions regulations, it is imperative to implement measures to mitigate NOx emissions.
This includes retrofitting these machines with essential technologies like diesel particulate
filters (DPFs) and selective catalytic reduction (SCR).

5.4. Enhancing Safety and Health Standards

The implementation of Directive 2017/164/EU undoubtedly heralds an elevation in
safety and health standards across TBM tunnel construction. By proactively addressing
emissions through suitable locomotive choices and emission control technologies, projects
can align with the directive’s stringent limits while safeguarding the well-being of workers
and the environment.
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