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Abstract

Ventilation systems in railway tunnels are crucial for ensuring the safe operation of trains,
particularly those powered by diesel locomotives. Inadequate ventilation design may cause
serious traffic accidents. Previous studies were generally focused on tunnel ventilation
issues for highway tunnels or high-speed railway tunnels, while little attention has been
paid to systematic ventilation design for diesel locomotive railway tunnels. To summarize
the research progress and find a sustainable solution of ventilation for diesel locomotive
railway tunnels, a comprehensive review of the relevant literature was conducted in
this paper. First, the development history of diesel locomotives is traced, and the main
framework and key components of a diesel locomotive railway ventilation system are
introduced. Then, the limit values of locomotive emissions within tunnels specified in
different standards from different countries are compared. Finally, key factors affecting
the performance of ventilation systems in diesel locomotive railway tunnels are sorted. It
is found that diesel locomotives remain the primary choice for railway freight traction in
developing countries and specific challenging environments, such as high-altitude areas
and permafrost regions. In the ventilation design for tunnels in these regions, particular
attention must be paid to pollutants like CO, NO, and NO,. Ventilation efficiency is
influenced by numerous factors, including tunnel geometry, internal systems, and train
operating conditions. Intelligent ventilation control presents a promising sustainable
solution to address future demands. This review can provide a reference for subsequent
research on ventilation technologies, low-carbon retrofitting, and sustainable development
practices for diesel locomotive railway tunnels.

Keywords: diesel locomotives; railway tunnel; ventilation system; harmful gas; ventilation
control; sustainable solution

1. Introduction

Railway transportation is one of the most prevalent freight modalities around the
world [1,2]. According to World Rail Market Study 2024 [3], the proportion of the railway
freight turnover accounting for land freight transport volume (including highway) exceeded
28%. Railway transportation, particularly that powered by diesel locomotives, plays a vital
role in shipping critical energy commodities such as coal, chemicals, and containers. This
mode of freight transport offers distinct advantages over alternatives, including superior
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power capacity, high transport efficiency, cost-effectiveness, and exceptional adaptability to
various environmental conditions [4]. According to the statistics of the National Bureau of
Statistics of China [5], railway coal transportation accounts for 78% of the national total
coal transportation volume in China, while the proportion exceeds 40% in America. From a
global perspective, diesel engines remain the dominant force in railway transportation [6],
contributing approximately 70% globally.

With the accelerating demand for energy consumption due to global economic growth,
developing countries have ramped up their resource exploitation in recent years. In line
with the Belt and Road Initiative and other policies, the growing freight demand of transna-
tional transport, such as the China—Europe Railway Express, has led to an increasing
need for diesel locomotives and railway construction in regions with underdeveloped
power infrastructure, high-altitude mountainous areas, and permafrost zones [7]. However,
for railway construction projects in these regions, tunnels tend to account for a signifi-
cant proportion of the railway lines. Taking the Gotthard Base Tunnel in Switzerland as
an example [8], the tunnel accounts for more than 80% of the railway line. In the Got-
thard Base Tunnel, the longest single-bore tunnel exceeds 57.1 km. Therefore, how to
ensure the safe operation of diesel locomotives in extra-long tunnels has become a critical
research topic.

1.1. Safe Ventilation: A Critical Factor in Ensuring Safe Operation of Railway Tunnel

The tunnel ventilation system is a core step to ensure the safe operation of diesel
locomotive railway tunnels. When running in a confined tunnel, diesel locomotives con-
tinuously emit harmful gases such as CO and NOy, as well as diesel particulate matter,
while also generating a large amount of waste heat. According to the test, the concentration
of total oxides of nitrogen emitted by the diesel locomotive can considerably in excess
of the specified limit of 25 ppm when operating in the tunnel [9]. When the ventilation
efficiency is lower than the critical wind velocity of 0.8 m/s, fire smokes will accumulate
to dangerous concentrations within 180 s [10]. Regarding this, concentration thresholds
of tunnel emissions are considered in many countries globally. Higher requirements are
placed on the ventilation efficiency of the tunnel ventilation system as well. The complex
tunnel structure and changeable climate environment, combined with the complex train
operating conditions, pose multi-dimensional technical challenges to the tunnel ventilation
design in terms of aerodynamics, thermodynamics, and environmental engineering.

1.2. Insufficient Ventilation in Railway Tunnels Potentially Leads to Engineering Issues and
Safety Incidents

Inadequate tunnel ventilation design may cause safety accidents and structural dam-
age during railway tunnel operation. Historically, numerous hazardous incidents have
occurred due to inadequate tunnel ventilation systems. For example, a gas explosion
occurred in the Qishanyan Tunnel under construction on the Leshan to Guiyang section of
the Chengdu-Guiyang Railway due to insufficient ventilation, resulting in 12 deaths and
12 injuries in 2017 [8]. The Romeriksporten Tunnel in Norway developed through-thickness
cracks in its concrete lining due to insufficient heat exchange, creating localized thermal
stress zones exceeding 60 °C. In addition, in operational tunnels with inadequate venti-
lation, harmful gases such as carbon monoxide (CO) emitted by diesel locomotives can
accumulate to dangerous concentrations, which may cause poisoning of the workers inside
the tunnel. In some projects, the failure to promptly evacuate flammable and explosive
gases such as methane creates explosion hazards, resulting in significant casualties and
property damage. These cases demonstrate that inadequate tunnel ventilation design may
trigger three catastrophic risks, namely, toxic asphyxiation, fire propagation, and struc-
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tural instability, directly endangering life safety, infrastructure property, and long-term
project durability.

1.3. Main Goal and Organization of This Paper

To comprehensively sort out the advances and development trends in the ventilation
technology of the diesel locomotive railway tunnel, this paper summarizes a large number
of relevant research papers, providing a reference for relevant practitioners. The structure
of this review paper is organized as follows. First, the development of diesel locomotive
railway tunnels is traced, and we mainly focus on analyzing the application of diesel
locomotives and the evolution of related railway tunnels from the 1960s to the present (in
Section 2), highlighting the main application scenarios and trends of diesel locomotive
railway tunnels. Then, the components of the diesel locomotive railway tunnel ventilation
system are introduced and concluded in Section 3 to help readers gain a macroscopic un-
derstanding of the ventilation system of diesel locomotive railway tunnels. Concentration
thresholds of main diesel locomotive tunnel emissions in the international codes from main
countries are compiled in Section 4, and differences among the codes of different countries
regarding the emissions were compared. The main research methods of diesel locomotive
railway tunnel ventilation, including classical theory, numerical simulation, scale model
tests, and prototype tests, are explored in Section 5. The influence of the tunnel ventilation
structure, environmental factors, and auxiliary ventilation equipment on the ventilation
of the diesel locomotive tunnel railway is analyzed in Section 6. Primary technology
approaches for ventilation control in diesel locomotive railway tunnels are introduced
in Section 7, and the development and evolution trends are summarized. Finally, this
study concludes with a comprehensive review of contemporary research achievements in
diesel locomotive railway tunnel ventilation systems, and delineates strategic technological
trajectories to guide industry practices.

2. Development of Diesel Locomotives and Railway Tunnels
2.1. Development of Railway Tunnel

Railway systems represent an indispensable element in the global transportation
infrastructure network [11]. The first railway was built in the UK in 1825 [12], then railway
construction technology subsequently developed rapidly. The second period of railway
development lasted from the 1930s to the 1970s. During this stage, locomotive power
was electrified, and internal combustion engines were introduced, resulting in significant
improvements in transport speed and quality. Some developed countries have dismantled
railway routes with low traffic volumes, low standards, and unprofitable operations,
and new high-standard railway trunk lines have been constructed. At the same time,
railway construction in developing countries such as China has also begun on a large
scale. From the 1980s to the present day has been the “integrated transportation period” of
railway development. During this period, technologies such as large-diameter shield tunnel
construction were widely applied, further enhancing the economic benefits and operational
efficiency of railway transportation. Concurrently, railway construction entered a new era of
opportunities. For example, against the backdrop of green and low-carbon transportation
development, the advantages of railway transport become increasingly apparent. In
addition, with an increasing demand for convenient transportation of passengers and cargo
owners, freight transportation no longer relies on a single mode of transportation. Concepts
such as “Sustainable Multimodal Freight System” and “Comprehensive Traffic Transport
Freight System” have been proposed one after another, then railway transport has always
occupied a stable position.
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Tunnels constitute a critical component of railway infrastructure. When faced with
natural terrain obstacles such as mountains and canyons, and plane obstacles such as
rivers and lakes, tunnels are an important form to cross them. With the advancement of
railway tunneling technology, the number of extra-long and extra-wide railway tunnels has
gradually increased, developing in the direction of deep burial. Take China as an example:
424 newly built railway tunnels, which have a total length of 738 km, were put into service,
among which 10 new extra-long railway tunnels (each exceeding 10 km in length) were
newly built with a combined total length of approximately 138 km. As of the end of 2024,
China has put into operation a total of 296 extra-long railway tunnels with a combined
length of approximately 4007 km. Among these, 14 ultra-length tunnels exceed 20 km in
length, accounting for an aggregate of 335 km [13].

2.2. Development of Diesel Locomotives

Diesel locomotives refer to the power vehicles applied in railway transportation to
pull freight trains and passenger trains. According to the different sources of locomotive
power, locomotives are mainly classified into three types: electric, diesel, and steam.
Different types of locomotives correspond to different characteristics, which have different
significance for railway transportation capacity, driving speed, operating conditions, and
engineering transportation economy. They also have different applicable conditions for
different regions [14]. Among them, diesel locomotives refer to a locomotive based on
the motive power of a diesel engine and drive the wheels through a transmission system.
Internal combustion traction locomotives have advantages such as relatively independent
operation, no need for power supply equipment, and powerful traction. However, they
also have disadvantages such as high fuel costs, complex locomotive construction, and
high costs.

The late 19th century to the early 20th century was the initial exploratory stage for the
development of diesel locomotives. The prototype of the internal combustion engine ap-
peared at the end of the 19th century. In 1892, German inventor Gottlieb Daimler attempted
to apply gasoline engines to rail vehicles, ushering in a new era of exploration into internal
combustion locomotives [15]. Looking back at the history of internal combustion locomo-
tives, as early as the beginning of the 20th century, foreign countries began to explore the
development and manufacture of diesel locomotives. In 1913, the first diesel locomotive
began operating in Sweden of which transmission method is electric transmission [15]. In
1924, the Soviet Union developed its first electric traction diesel locomotive [16]. In the early
20th century, General Electric Company assembled a gasoline locomotive that used a diesel
engine to drive a generator, which in turn drove an electric motor to propel the locomotive
forward [17]. Due to its economic efficiency, the diesel engine was quickly adopted for
use on railways. In 1925, the Central Railroad of New Jersey in the United States put a
220-kilowatt electric transmission diesel locomotive into service for shunting operations [18].
Until the 1950s, the number of diesel locomotives grew rapidly. The period from the 1950s
to the 1980s was the initial exploratory stage for the development of diesel locomotives.
After World War II, Western countries quickly phased out steam locomotives and entered
a period of complete dieselization. The United States, Germany, Japan, and other coun-
tries have successively developed high-efficiency, low-pollution diesel locomotives, with
diesel-electric transmission systems being the most common, marking the railway of China
enter the “dieselization” era. Subsequently, the Dongfeng series became the mainstay of
internal combustion traction. In 1958, the first freight diesel-electric locomotive of China
was successfully prototyped. By 1998, the proportion of total ton-kilometers transported
by electric and diesel traction had reached 96.8% of which 28.8% is electricity and 68%
is diesel [19]. By the end of 2024, China will have 22,500 railway locomotives, including
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7800 diesel locomotives and 14,700 electric locomotives [20]. Nearly half of the railways in
Europe are still operated by diesel vehicles [21], and the EU is actively studying ways to
make emissions of the diesel locomotives cleaner.

With the continuous development of locomotive technology and the promotion of
energy conservation, emission reduction, and green transportation, the development of
railway electrification is an inevitable trend. However, its infrastructure construction costs
are high, and the construction cycle is long [22]. Therefore, in many developing countries
with weak power infrastructure, diesel locomotive railways remain the most preferred
form of rail transport. Common fuels for diesel locomotives are natural gas-powered
internal combustion locomotives. Natural gas internal combustion locomotives are more
environmentally friendly than diesel locomotives, which are currently the most widely
used. Compared with traditional diesel internal combustion engines, natural gas produces
fewer toxic combustion products and has less impact on lubricant aging. This gives internal
combustion engines high economic, ecological, and service life indicators. Therefore, in
terms of energy and physical properties, natural gas is more suitable as an energy source
for diesel locomotives. Traditional internal combustion locomotives still play an important
role in non-electrified sections and specialized operations such as shunting [23], especially
when encountering extreme weather conditions such as snowfall and freezing rain, as
diesel locomotives can cope with natural disasters better than electric traction locomotives.
Meanwhile, considering economic costs and operational efficiency, railway stations along
railway lines with dedicated freight yards are equipped with an appropriate number of
diesel locomotives [24], undertaking the last mile of electrified railway freight transport
to pull or push freight trains to the freight yard. In addition, in many high-altitude and
permafrost regions, railways remain non-electrified, and diesel locomotives are more
suitable than electric locomotives for traction transport tasks.

In can be concluded that (1) railway transport has always been one of the most impor-
tant modes of transport worldwide, and key components of railway tunnels are developing
in the direction of ultra-long, ultra-wide, and deep burial; (2) with the development of
electrified railways, the use of diesel locomotives on main lines has gradually decreased,
still playing an important role on non-electrified lines, shunting operations, and in emer-
gency rescue efforts; (3) in developing countries with weak power infrastructure, as well as
in high-altitude and permafrost regions, diesel locomotives remain the preferred form of
traction for railway freight trains. Therefore, in the current context of the continuous emer-
gence of ultra-long, ultra-wide, and deeply buried tunnel projects, research on ventilation
issues in diesel locomotive railway tunnels remains of significant value for ensuring the
safe operation and emergency rescue of railways in developing countries, high-altitude
regions, and permafrost areas [25].

3. Components and Classification of the Ventilation System of the Diesel
Locomotive Railway Tunnel

3.1. Components of Tunnel Ventilation System

Ventilation system of the diesel locomotive railway tunnel is an important system
to ensure the safe operation and emergency rescue in the tunnel [26]. During tunnel
construction and normal operation, the ventilation system primarily dilutes emissions
generated by construction machinery and internal combustion traction locomotives within
the tunnel, as well as gases that may be released from the tunnel rock strata. The ventilation
system is designed to evacuate harmful or potentially explosive smoke and dust [27],
reduce temperatures [28], and provide fresh air for rescue personnel when fire occurs in
the tunnel.



Sustainability 2025, 17, 9766

6 of 50

Based on the logical sequence of pollutant dispersion and control, the tunnel venti-
lation system design is categorized into five parts: emissions, tunnel structures, sensors,
programmable logic controller (PLC), and jet fans (auxiliary ventilation equipment), as
shown in Figure 1. The process begins with pollutant generation from locomotive emis-
sions, followed by their dispersion throughout the tunnel structure. These pollutants are
then detected by sensors within the tunnel, and the measured concentration signals are
transmitted to programmable logic controller (PLC). Finally, the PLC system activates fans
to dilute the pollutants in the tunnel.

Tunnel structures

N
Programmable logic controller

Figure 1. Components of the ventilation system of the diesel locomotive railway tunnel.

3.1.1. Emissions

In the operational stage of diesel locomotive railway tunnels, the primary emission
source is the diesel traction locomotives, as their combustion of fossil fuels releases emis-
sions such as smoke, carbon oxides, and nitrogen oxides. Although harmful gases may also
be emitted during the tunnel construction stage through drilling and blasting. However,
this is not the research focus of this paper.

Diesel locomotive exhaust is a complex mixture of gases and particles containing more
than 100 different organic and inorganic substances [29]. The harmful gases emitted by the
diesel locomotive primarily include Carbon Monoxide (CO) [30], Carbon Dioxide (COy),
Sulfur Oxides (SOx), Nitrogen Oxides (NOy), and other Hydrocarbons (HC). Incomplete
combustion of fossil fuels may also emit particulate smoke and dust, including common
pollutants, such as Particulate Matter (PM) [31], Hydrocarbons (HC), and smoke and dust.
An average passenger train emits about 0.25 g PM; 5 per kilometer, whereas a freight train
emits 6.7 times this amount as much [32].

Diesel particulate matter (DPM) and its major component, elemental carbon (EC), serve
as critical biomarkers for assessing occupational exposure in confined environments like
diesel locomotive railway tunnels [33]. Prolonged exposure to these pollutants is associated
with severe health risks, including respiratory and cardiovascular diseases, with DPM
being classified as a human carcinogen by IARC [34]. In such enclosed settings, inadequate
ventilation exacerbates the accumulation of DPM and EC, elevating exposure risks for
tunnel workers [35]. Effective mitigation strategies—such as enhanced ventilation, adoption
of diesel particulate filters, and regular air monitoring—are essential to reduce exposure
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levels. Continuous health surveillance and the use of personal protective equipment further
safeguard workers from long-term adverse effects.

Since these mentioned emissions can be harmful to humans and the environment when
their concentrations are too high [36], it is critical to monitor precisely and control effectively
the gas concentration based on the monitoring and ventilation technology, ensuring safety
tunnel operations.

3.1.2. Tunnel Structures

Tunnel ventilation structure refers to the spatial structure for the diffusion of emissions
in the tunnel. Classic tunnel ventilation can be shown in Figure 2. These structures
include both the tunnel main structure, vertical shafts, and inclined shafts used for auxiliary
ventilation. Vertical shafts can introduce fresh air on the surface from outside the tunnel to
the underground space and exhaust contaminated air from the tunnel. Moreover, vertical
shafts may also help regulate the temperature and humidity in the tunnel, especially when
fire accidents happen. Functioned as an important exhaust duct, vertical shafts provide
favorable conditions for personnel evacuation and fire rescue [37]. Inclined shafts are
set to ensure the tunnel adapts to the terrain conditions better. For example, during the
construction of the tunnel in mountain areas, inclined shafts can be arranged along the
mountain slope, which can avoid large-scale mountain excavation. In addition, an inclined
shaft can also assist in construction transportation and serve as a transmission channel for
personnel, equipment, and materials. Most importantly, inclined shafts can also improve
ventilation flexibility. In some large-scale underground engineering projects, ventilation
inclined shafts tend to be set in conjunction with ventilation vertical shafts [38], creating
more complex ventilation networks so that the flexibility and reliability of ventilation
systems can be improved.

‘ Vertical air shaft

7

W

i
X Tunnel main structur
T

Figure 2. Typical tunnel ventilation structures.

The above ventilation structures are closely associated with the distribution pattern
and natural diffusion patterns as well as the diffusion under ventilation conditions, thereby
directly affecting the design of both gas monitoring schemes and ventilation systems
within tunnels. Therefore, this paper classifies them as an important component of tunnel
ventilation systems.

3.1.3. Sensors

As mentioned before, the exhaust gas emitted by diesel traction locomotives in tunnels
contains Carbon Monoxide (CO), Carbon Dioxide (CO;), Sulfur Oxides (SOy), Nitrogen
Oxides (NOy), Particulate Matter (PM) [31], and smoke and dust. Therefore, different
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gas sensors are often set in tunnels for different pollutants, such as Carbon Monoxide
(CO) sensors, Carbon Dioxide (CO,) sensors, dust sensors, and sensors for monitoring
combustible gases such as methane. In addition, since the temperature and humidity in the
tunnel, the natural wind speed and direction, and the running condition of the train will
affect the diffusion pattern of pollutant emissions and the ventilation effect in the tunnel,
temperature and humidity sensors, wind velocity/direction sensors, visibility sensors, and
train detection sensors will also be installed in the tunnel.

Sensors are usually set in all key areas of the tunnel, including the entrance, exit,
and areas with slope changes and frequent human activities, to ensure comprehensive
monitoring of the environmental conditions inside the tunnel. In the longitudinal axis of the
tunnel, a group of sensors, including gas, temperature, and humidity sensors, is generally
set up at a certain distance (such as 50 to 100 m) to monitor environmental parameters
at different locations in the tunnel. The sensors should be evenly distributed across the
cross-section of the tunnel. For example, sensors are installed at the top and side walls of
the tunnel to comprehensively monitor the environmental conditions at different heights
and locations within the tunnel. For double-track tunnels, sensors should be installed above
each lane to ensure accurate monitoring of the environment in each lane. For the long
tunnel, the tunnel can be divided into several monitoring sections according to its length
and terrain conditions, and corresponding sensors can be set in each section. For areas
prone to problems, such as poorly ventilated areas and areas near pollution sources, the
number and density of sensors should be appropriately increased to strengthen monitoring
of these key areas, ensuring that the monitoring data accurately reflects the ventilation
efficiency and provides reliable data for the adjustment of the ventilation system. In
addition, the installation location of the sensor should be convenient for staff to perform
daily maintenance and repairs.

3.1.4. Programmable Logic Controller

The programmable logic controller of the tunnel ventilation system is the core compo-
nent to ensure the efficient ventilation and safe operation of the tunnel. It has centralized
monitoring and intelligent control functions. In terms of monitoring, programmable logic
controllers can collect real-time environmental data such as concentrations of Carbon
Monoxide and Carbon Dioxide, temperature and humidity, wind velocity /direction, and
visibility through the sensors in each section of the tunnel. These data can be directly
illustrated on the screen of the control room so that staff can always keep track of the
environmental conditions inside the tunnel. In terms of control functions, the central
control system automatically adjusts the operation of ventilation equipment based on the
collected data. When Carbon Monoxide concentrations exceed the threshold, the speed
and airflow of the fans rapidly increase to accelerate the removal of harmful gases. If wind
velocity/direction turns abnormal, ventilation equipment can be precisely controlled to
change wind velocity /direction so that effective ventilation can be ensured. At the same
time, a programmable logic controller supports remote control and automatic alarms. Staff
can remotely operate ventilation equipment from the control room, improving emergency
response speed, as shown in Figure 3. Once environmental parameters exceed safe limits,
the system immediately issues an alarm to alert staff to take action in time, ensuring the
safety of personnel and vehicles inside the tunnel and enabling intelligent, automated
management of the tunnel ventilation system.
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Figure 3. A typical PLC in the tunnel ventilation system (the green arrow represents the direction of

Control model: Remote

the airflow).

3.1.5. Auxiliary Ventilation Equipment

Auxiliary ventilation equipment of the tunnel is one of the important components to
ensure the air quality and ventilation efficiency in the tunnel, including jet fans, air ducts,
and air curtains.

Jet fans are the most common auxiliary ventilation equipment and achieve ventilation
by ejecting high-speed airflow and using the momentum of the airflow to induce and
accelerate the flow in the surrounding area. It is flexible to install and typically set on the
side walls of railway tunnels, as shown in Figure 4, featuring minimal impact on tunnel
traffic, efficient energy savings, and no occupation of tunnel ground space. It is widely
applied in tunnels of various lengths. Especially in the long tunnel, multiple jet fans can be
arranged at regular intervals to promote air flow in a relay manner.

a ) ‘
o4 > > > > [0
\_\_ -Jet-fans-—-—-—»—-—-—-—\-A—--;* ................. \_\
>y > >
O 1O=% L 5 & - - O
Jetinduction
\_ Y, ventilation section  Plenum section
(@) (b)

Figure 4. Installation location and working principle of the jet fans: (a) installation location of the jet
fans; (b) working principle of the jet fans (the blue arrow represents the direction of the airflow).

According to the different airflow patterns, jet fans can be classified into centrifugal
fans, mixed flow fans, and axial fans, as shown in Figure 5. Axial flow fans enable gas
to flow along the fan axis. Through the rotation of the impeller, mechanical energy is
converted into the kinetic energy and pressure energy of the gas, thereby propelling the air
flow. Axial flow fans feature high flow rates and moderate air pressure, which can meet the
high air exchange requirements of tunnels. Different installation methods can be selected
based on the specific conditions of the tunnel, such as horizontal or vertical installation,
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suitable for medium-to-short tunnels or tunnels with high ventilation requirements. It is
commonly used as the main jet fan in tunnel ventilation systems. Centrifugal fans rely
on the centrifugal force generated by the rotation of the impeller to throw gas from the
center of the impeller to the edge, thereby imparting energy to the gas and achieving
ventilation. These fans have high air pressure and can overcome significant ventilation
resistance, making them commonly used in sections of tunnel ventilation systems that
require overcoming high resistance. Mixed flow fans combine the characteristics of axial
flow fans and centrifugal fans. The flow direction of the gas within the fan is between axial
and radial, combining the advantages of the high flow rate of axial flow fans and the high
air pressure of centrifugal fans, and having a wide performance range.

|
' Centrifugal fans | ' Mixed flow fans | r Axial flow fans |

S8 g

S (”CC > ‘l@

>
>
>
>
>
>
>
I <
>
>
>
=
>
P>

Figure 5. Diagram of principles and classification of jet fans (the blue arrows represent the direction
of the airflow) [39,40].

The air duct is also an important piece of auxiliary ventilation equipment. The air
duct can deliver fresh air to specific areas of the tunnel or exhaust contaminated air from
the tunnel. The typical layout of air ducts in a tunnel is shown in Figure 6a. Air ducts
are generally made of steel plates or fiberglass materials with good sealing properties and
corrosion resistance. In some large tunnels, main air ducts and branch air ducts are also
installed to form a complex ventilation network.

Inside the'
tunnel

Rrs

L octio®
e S
S

I
|

(b)
Figure 6. Diagram of (a) air duct [41] and (b) air curtain [42].

Air curtains are installed at the entrances and exits of tunnels. As can be seen in
Figure 6b, through ejecting high-speed airflow, an air curtain is formed to prevent polluted
air from outside the tunnel from entering the tunnel so that heat and smoke from escaping
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can be prevented from inside the tunnel. Air curtains are energy-efficient and environmen-
tally friendly and can effectively improve the ventilation environment in tunnels. These
auxiliary ventilation devices work together to provide good ventilation conditions inside
the tunnel, ensuring the safe passage of people and vehicles.

3.2. Classification of the Tunnel Ventilation System

Based on different ventilation concepts, tunnel ventilation systems can generally be di-
vided into three categories [43]: longitudinal ventilation [44,45], transverse ventilation [46],
and semi-transverse ventilation [47,48], as shown in Figure 7. Longitudinal ventilation
refers to the use of fans to blow polluted air from one end of a tunnel to the other and
expel it from the tunnel. Therefore, longitudinal ventilation is also known as squeeze
ventilation. Transverse ventilation refers to the discharge of smoke from the source and the
intake of fresh air nearby. It is generally applicable to two-track traffic tunnels longer than
3000 m and should be equipped with air/smoke exhaust dampers that can be operated
individually or in groups. Semi-lateral ventilation refers to the need to discharge flue gas
from a location close to the emission source, while fresh air can be circulated by relying
on the longitudinal pressure difference in the tunnel. With the widespread application
of one-way tunnels, longitudinal ventilation has gradually become dominant, especially
full-jet longitudinal ventilation. Full jet longitudinal ventilation refers to the installation of
jet fans in tunnels. Jet fans use high-speed rotating impellers to suck in air, accelerate it,
and then eject it from the outlet as high-speed airflow. The high-speed airflow generates
a reaction force on the fan, pushing the surrounding air to flow in the direction of the jet,
forming “induced airflow” that drives the overall airflow in the tunnel. Compared with
full transverse ventilation or semi-transverse ventilation, full jet longitudinal ventilation
has the advantages of convenient construction management and maintenance, as well as
low operating costs [49]. Full jet longitudinal ventilation has now become the most widely
used ventilation method in railway tunnel operations in China.

gem 1-transverse vﬁ!ﬁon

®) ©

Figure 7. Classification of the tunnel ventilation system: (a) longitudinal ventilation; (b) transverse
ventilation; (c) semi-transverse ventilation [43] (the blue arrows represent the flow direction of the
newly introduced air, while the red arrows represent the flow direction of the polluted gas).

Tunnel ventilation can be classified into natural ventilation [50] and mechanical venti-
lation according to the ventilation method. Natural ventilation utilizes temperature and
pressure differences between the inlet and outlet of a tunnel to create airflow, eliminating
the need for fan equipment. However, it is inefficient at removing harmful gases and is only
suitable for short tunnels. Long tunnels typically employ mechanical ventilation, including
longitudinal, transverse, semi-transverse, and combined ventilation systems [51]. Auxiliary
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tunnels, such as inclined shafts, vertical shafts, cross passages, and parallel guide tunnels
constructed during construction, can be fully utilized for ventilation during tunnel opera-
tion. Of course, whether mechanical ventilation should be installed in a tunnel requires
comprehensive analysis and calculation, as well as experimental evaluation, considering
factors such as the type of traction system, tunnel length, tunnel plan and profile, vehicle
speed and density, and the topographical conditions at both tunnel portals.

Based on the level of automation and intelligence of tunnel ventilation systems, me-
chanical ventilation systems can be further classified into passive ventilation, active ventila-
tion, and intelligent ventilation. Passive ventilation systems typically require continuous
operation of ventilation equipment, resulting in significant energy consumption. Active
ventilation systems can adjust ventilation conditions based on harmful gas concentra-
tions or train operations, but they still have drawbacks such as frequent starts and stops,
shortening equipment lifespan, and outdated operations causing energy waste. However,
intelligent ventilation systems can utilize precise data from environmental monitoring sys-
tems and train detection systems, combined with optimization algorithms or pre-training,
to quickly determine and control ventilation equipment to operate at optimal conditions,
achieving ventilation objectives while balancing efficiency and energy conservation.

3.3. Energy Consumption of Different Ventilation Strategies

Different ventilation strategies significantly affect energy consumption and operational
costs. Active ventilation, using mechanical systems like fans and air conditioning, offers
precise control but is energy-intensive. In contrast, passive ventilation relies on natural
airflow, reducing energy use but is limited by weather conditions and building design.
Intelligent control systems can optimize both strategies by adjusting ventilation in real
time, reducing energy consumption, operational costs, and indirect CO, emissions, while
maintaining comfort and sustainability.

4. Ventilation Standards for Diesel Locomotive Railway Tunnels
4.1. Primary Pollutant

As described in Section 3, diesel locomotives emit complex pollutant mixtures in
railway tunnels, including nitrogen oxides (NOy), carbon monoxide (CO), carbon dioxide
(COy), sulfur dioxide (SO,), oxygenated volatile organic compounds such as formaldehyde
(HCHO) and acetaldehyde (CH3CHO), and particulate matter (PM) from incomplete
combustion. The ventilation system must maintain contaminant concentrations below
occupational exposure limits (OELs) to (1) protect the physiological health of railway staff,
passengers, and maintenance workers; and (2) minimize material degradation of tunnel
linings and electromechanical systems caused by chemical corrosion, humidity, and thermal
stress. Current international regulations exhibit significant discrepancies in OEL thresholds
for these hazardous air pollutants.

According to engineering practice and related research, when ventilation systems are
designed to maintain NOy concentrations within permissible hygiene standards, the con-
centrations of other pollutants inherently comply with regulatory requirements. Therefore,
in tunnel ventilation design, the attainment of NOy concentration standards is generally
taken as the design basis. Since NOy is difficult to accurately and directly detect, the Code
for Design of Railway Tunnel Ventilation Systems (TB 10068-2024) [52] stipulates that when
measuring the concentration of NOy, the vacuum sampling Saltzman method is used to
convert all NOy into NO;, thereby obtaining the concentration of the main pollutant index
NOy in diesel engine exhaust.
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4.2. Ventilation Standards of the Main Countries Around the World

Countries worldwide OELs for hazardous substances based on their specific condi-
tions. OELs represent the permissible exposure levels that, under long-term and repeated
occupational exposure, do not cause harmful effects to the majority of workers. Typi-
cally, OELs include three categories: permissible concentration-time weighted average
(PC-TWA), permissible concentration-short term exposure limit (PC-STEL), and maximum
allowable concentration (MAC). The specific definitions and terminologies vary across
different national standards.

e PC-TWA: The average allowable exposure concentration over an 8 h workday or a
40 h workweek, calculated using time weighting.

e  PC-STEL: The maximum allowable concentration for short-term exposure (15 min),
provided that the PC-TWA is not exceeded.

e  MAC: The peak concentration that must not be exceeded at any time during the
workday in the workplace.

4.2.1. Chinese Standards

In China, the control requirements for pollutant concentrations such as CO and ni-
trogen oxides are primarily stipulated in national standards and (transportation) industry
regulations. The specific provisions in these standards are listed in Table 1.

The Allowable Concentration and Measurement of Locomotive Exhaust in Railway
Operating Tunnel (TB/T 1912-2005) [53] stipulates that the PC-TWA and PC-STEL of carbon
monoxide shall not exceed 30 mg/m? and 100 mg/m?, respectively. For nitrogen dioxide,
these limits are set at 10 mg/m? and 20 mg/m3. The Guidelines for Design of Ventila-
tion of Highway Tunnels (JTG/T D70/2-02-2014) [54] considers the influence of tunnel
length and establishes different concentration requirements for CO and NO; in tunnels of
varying lengths.

Based on findings from the research project Key Technologies for Ventilation in Long
and Large Tunnels, it was recognized that railway tunnels may contain not only quartz
dust but also organic dust (e.g., plant- and animal-based particulates), as observed in
the Dayaoshan Tunnel. Consequently, the Code for Design on Operation Ventilation of
Railway Tunnel (TB 10068-2010) [55] introduced control requirements for organic dust
concentrations. Furthermore, following the 2019 revision of Occupational Exposure Limits
for Hazardous Agents in the Workplace—Part 1: Chemical Hazardous Agents (GBZ 2.1-
2019) [56] which established standards for multiple dust types including calcium carbonate
dust, the latest Code for Design of Railway Tunnel Ventilation (TB 10068-2024) [52], revised
in 2024, has further refined these requirements. Notably, the current standard [52] incorpo-
rates altitude considerations, stipulating that the maximum allowable CO concentration
shall not exceed 20 mg/m? for tunnels at 2000-3000 m altitude, and is further reduced to
15 mg/ m? for altitudes above 3000 m. This establishes an inverse relationship between
permissible CO levels and elevation, representing a regulatory enhancement absent in
prior versions.

For better understand of the latest Chinese standard (TB 10068-2024) [52], a simple
comparative analysis of a 2 km road tunnels, Tunnel A at sea level (0 m) and Tunnel B
at high altitude (3000 m), is conducted in this subsection. The core difference is the air
density, which decreases from 1.225 kg/m? at sea level to 0.909 kg/m3 at high altitude.
This change drives two critical divergences in the design according to the new standard.
First, the required air volume for Tunnel B increases by approximately 40% (e.g., from
300 m3/s to 420 m3/s) to compensate for higher vehicle emissions in the thin air. Second,
the performance of individual jet fans is degraded, as their thrust is proportional to air
density; the same fan produces about 26% less thrust at high altitude. Consequently, the
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final design for Tunnel B must compensate for this “double penalty”—a higher airflow
target with less efficient equipment. This necessitates a significantly larger ventilation
system, requiring roughly 40% more jet fans than the sea-level design to achieve the same
level of safety and air quality.

Table 1. Permissible concentration limits of pollutants in Chinese standards (OELs, mg/m?3).

Year 2005 2014 2022 2024
Allowable
Concentration Guidelines for Code for Design
and Measurement . .
. Design of . on Operation
of Locomotive oo, The Coal Mine A
. Ventilation of Ventilation of
Standard Exhaust in . Safety Rules .
Railway Highway Tunnels (2022) [57] Railway Tunnel
. (JTG/TD70/2-02- (TB10068-2024)
Operating Tunnel 2014) [54] [52]
(TB/T 1912-2005)
[53]
PC-TWA 30 — — 20
172.5 (20 min,
L <1000 m)
PC-STEL 100 115.0 (20 min, — 30
cO L > 3000 m)
— — 27.5 — (H< 2000 m)
MAC 20 (2000m < H <
3000 m)
15 (H > 3000 m)
PC-TWA 10 — — 5
NO, PC-STEL 20 1.88 (20 min) — 10
MAC — — 47 —
PC-TWA 15 (H < 3000 m)
NO PC-STEL o
MAC —
8 (MSiO, < 10%)
Ouarts dust PC-TWA 1 (MSiO, > 10%)
PC-STEL 10 (MSiO, < 10%)
2 (MSiO; > 10%)
MAC —
Marble dust PC-TWA 4
(Calcium
carbonate, PC-STEL -
CAS:
MA —
No.1317-65-3) S
Plant- and PC-TWA 2
animal-based PC-STEL 4
particulates MAC —
PC-TWA 8
Other dust PC-STEL .
MAC —

Note: L represents tunnel length; H denotes tunnel altitude.

4.2.2. US Standards

The Occupational Safety and Health Administration (OSHA) is the federal agency
responsible for worker safety. It establishes permissible exposure limits (PELs) for various



Sustainability 2025, 17, 9766

15 of 50

workplace pollutants [58]. These limits incorporate standards from the California Division
of Occupational Safety and Health (Cal/OSHA) [59], recommended exposure limits (RELs)
by the National Institute for Occupational Safety and Health (NIOSH) [60], and threshold
limit values (TLVs) by the American Conference of Governmental Industrial Hygienists
(ACGIH) [61], as listed in Table 2.

Table 2. Concentration limits in US regulations for typical pollutant emissions within the tunnel.

. OELs (mg/m?)
Indicator Notes
PC-TWA PC-STEL MAC
— — 55 OSHA PEL
co 29 — 230 Cal/OSHA PEL
40.25 (10 h) — 230 NIOSH REL
28.75 — — ACGIH TLVs
30 mg/m3 — — OSHA PEL
NO 30 — — Cal/OSHA PEL
30.75 (10 h) — — NIOSH REL
30.75 — — ACGIH TLVs
— — 9 OSHA PEL
NO — 1.8 — Cal/OSHA PEL
2 — 1.88 (10 h) — NIOSH REL
0.38 — — ACGIH TLVs

Note: (1) All gas concentrations are expressed in mg/m3 (CO:1ppm =115 mg/m3, NO: 1 ppm =1.23 mg/mS,
NO;: 1 ppm = 1.88 mg/m?); (2) ACGIH states that TLVs should be considered as scientific recommendations by
regulatory agencies and should not be adopted as standards without full compliance with applicable regulatory
procedures, including analysis of other necessary factors for appropriate risk management decisions.

4.2.3. German Standards

The German Committee on Hazardous Substances (AGS) has established the Technical
Rules for Hazardous Substances (TRGS 900-2024) [62], which incorporate the latest techno-
logical, occupational medical, and hygienic knowledge regarding hazardous substances,
including their classification and labeling. These rules are published by the German Fed-
eral Ministry of Labor and Social Affairs (BMAS) in the Gemeinsames Ministerialblatt
(GMB]I) [63].

The Commission for the Investigation of Health Hazards of Chemical Compounds in
the Work Area of the German Research Foundation (DFG) [63] has developed workplace
exposure limits known as MAK values. The MAK represents the average concentration
over a work shift, not a single measurement. The concentration limits for typical pollutant
emissions specified by these two organizations are presented in Table 3.

Table 3. Concentration limits in AGS and DFG standards for typical pollutant emissions within

the tunnel.
Indicator OELS (mg/m’) Notes
PC-TWA PC-STEL MAC
co - _ _ DFG
NO e _ _ 11;1?2
NO: 093 _ _ DEG

Note: The PC-TWA values for DFG in the above table were converted based on MAK calculation principles for
comparative purposes.
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4.2.4. The European Union Standards

The European Union places great emphasis on protecting the health of workers from
chemical risks in workplaces [64], the related regulations can be found in the Council
Directive 98/24/EC [65]. After multiple revisions, the current occupational exposure limits
are shown in Table 4.

Table 4. OELs in EU for typical pollutant emissions within the tunnel.

. OELs(mg/m®)
Indicator Notes
PC-TWA PC-STEL MAC
cO 23 117 —
NO 2 — —
NO, 0.96 191 —

4.2.5. World Health Organization (WHO)

In 2021, WHO updated the WHO Global Air Quality Guidelines (AQGs) [66], which
establish target air quality levels for protecting global public health. These AQGs are com-
monly used as reference concentrations to evaluate worker safety exposure and potential
health impacts. The specified air quality limits are presented in Table 5.

Table 5. WHO air quality guideline values.

OELs (mg/m?®)
Indicator Notes
PC-TWA PC-STEL MAC
co 7 (24 h) — — Interim Target 1
4 (24 h) — — AQG level
NO — — —
0.120 (24 h) — — Interim Target 1
NO, 0.050 (24 h) — — Interim Target 2
0.025 (24 h) — — AQG level

In addition to the standards mentioned above, several other codes also specify require-
ments for tunnel ventilation. The TSI-SRT [67] primarily focuses on interoperability and
safety requirements for railway tunnels in the European Union. Although it does not pro-
vide detailed regulations on pollutant gas concentrations, it sets out basic requirements to
ensure safe air quality and ventilation systems, which help control the spread of smoke and
toxic gases during a fire, thus reducing exposure to harmful gases such as carbon monoxide.
NFPA 130 [68] provides specific requirements for fixed-guideway transit systems, including
railway tunnels. In emergency situations, such as a fire, it mandates that the concentration
of toxic gases (e.g., carbon monoxide) within the tunnel must be controlled to prevent
harmful exposure to passengers and rescue personnel. This is achieved by maintaining
efficient ventilation and air extraction systems. The concentration of carbon monoxide (CO)
in the air should not exceed 1150 ppm during the first 6 min of exposure, and visibility
in public areas should be at least 10 m, which should be maintained at platform and con-
course levels. The smoke extraction height for platforms and concourses should be at least
2.5 m [69]. UIC [70] provides guidelines for the safety of railway tunnels, including pollu-
tant control. It emphasizes controlling the concentration of toxic gases, particularly carbon
monoxide (CO), and maintaining safe levels during emergencies. Similar to NFPA 130,
UIC also recommends controlling harmful gas concentrations at safe levels to ensure safe
evacuation and rescue operations.
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Key observations from the pollutant concentration limits in these national standards
include the following: (1) Among various pollutants, CO, NO, and NO; are consistently
regulated, indicating their critical importance in ventilation design and research; (2) PC-
TWA and PC-STEL are the predominant metrics adopted across standards, while MAC
requirements are often absent; (3) Additional pollutants such as marble dust and organic
particulates may occur in tunnels and must be considered in ventilation design; (4) Tunnel
length and altitude significantly influence concentration control requirements, with longer
and higher-altitude tunnels demanding stricter ventilation standards.

4.3. Comparative Analysis

Figures 7 and 8 illustrate the concentration limits for CO, NO, and NO; stipulated
in the specifications of several major countries worldwide. Only PC-TWA and PC-STEL
values are shown in those figures, as MAC requirements appear in few regulations. For
comparison, the data are sorted by PC-TWA stringency, with the leftmost position indicating
the strictest standards.

250
Limit value - TWA
—~ 200| | @ Limit value - STEL
g
2
= 150
Q
=
<
>
= 100
g
—
72 AN AN A R 7 2 Z é é
- - - - " r - A2 AalAa A AN AN A AR Al A A U ¢
all 70 AN 20 28 20 20 20 20 28 A0 a0 20 70 R e AR AR Bl A OB d UM OB DB Oe D O U
> W > 2 > O @ - & XS S D D
q,,@ &\\Q %\0 630&\(2’0 &\"00“}& die%v\ @\@\%&\ S@“’\%&\ S Q@&\Q&&\(bb b°®\§\@$Q® {z',\\ & QO\\% \o “000@2»‘2‘ D). ;&
VOSSO %\V’ RO & R *«@\Q“% s %bv*’é*‘%' N @* % o7
53 & A & > N
&°Q% & <~ 5\@3@@6”5 N S & %S‘**\ ®0Y’\5% & %°
<& o NS & &
%0
Country

Figure 8. Concentration limits of CO in some standards of several major countries worldwide.

Figure 8 shows that China [52] impose the most stringent CO controls, setting PC-
TWA at <20 mg/m?>. China’s PC-STEL limit (<30 mg/m?) also proves stricter than other
nations, where typical limits exceed 50 mg/m? or remain unspecified (e.g., Singapore [71],
Australia [72], US [61], Japan [73]).

Figure 9 reveals that European countries (Germany [63], Norway [74], Poland [75],
UK [76]) maintain rigorous NO limits, generally requiring PC-TWA < 2.5 mg/ m3. Ger-
many’s DFG standard [62] is exceptionally strict at < 0.63 mg/m?3. In contrast, Denmark,
US [60], Canada [77,78], and Australia [79] apply more lenient limits (PC-TWA <30 mg/ m?).
China’s standard [52] (PC-TWA < 15 mg/m?) falls between these groups, slightly exceed-
ing Spain’s < 10 mg/m? [80]. Notably, only Germany’s DFG [62] and AGS [63] standards
establish strict PC-STEL limits for NO.

Figure 10 shows that the comparative results of NO, concentration control require-
ments among countries resemble those of NO. The presented nations can be broadly
categorized into high-stringency and low-stringency groups. The high-stringency group,
represented by European countries including Poland [75], Germany [63], Finland [81],
Italy [82], the Netherlands [83], and the UK [76], typically requires NO, PC-TWA and
PC-STEL concentrations to remain below 0.96 mg/m3 and 1.91 mg/m?3, respectively. In
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contrast, other European nations such as Spain [80], Switzerland [84], and Ireland [85]
maintain more lenient NO, control standards, as does China’s standard [52]. Nevertheless,
these countries” standards remain more stringent than those of Australia [72,79], Singa-
pore [71], South Korea [86], and Canada [77,78]. Notably, the US standard [60] (NIOSH)
only specifies a NO, PC-STEL limit of <1.91 mg/ m3, which aligns with French [87] and
Italian [82] regulations.
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Figure 9. Concentration limits of NO in some standards of several major countries worldwide.
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Figure 10. Concentration limits of NO, in some standards of several major countries worldwide.

Comparative analysis of international tunnel pollutant concentration limits reveals
that EU countries, particularly the UK [76] and France [87], impose significantly stricter
controls on all three aforementioned pollutants than other nations.

In contrast, countries such as the US [60] and Canada [77,78] maintain more lenient
regulatory standards. This divergence may be attributed to distinct geographical and
climatic conditions. The prevalence of long and deeply buried tunnels in European coun-
tries results in limited natural pollutant dispersion, necessitating stricter limits and greater
reliance on mechanical ventilation systems. Conversely, the vast territory and relatively
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low population density in North America enhance the environmental capacity for pol-
lutant dilution, thereby justifying more permissive standards. Comparative analysis of
regional standards within Canada reveals that Quebec [78] maintains more lenient CO
concentration limits than Ontario [77], suggesting potential economic considerations in
standard-setting. Regions with developing economies often demonstrate greater reliance
on resource extraction and freight transport, where stringent emission limits may ne-
cessitate increased infrastructure investments and potentially constrain local transporta-
tion economics. This observation finds partial support in African normative data, where
only economically advanced South Africa [88] has established relevant standards. Conse-
quently, national determinations of tunnel pollutant concentration limits must consider
both population density and local economic conditions, along with tunnel infrastructure
development levels.

Moreover, political decision-making and public awareness, along with scientific re-
search and data foundations, also exert significant influence. Nations that prioritize en-
vironmental protection and public health are often driven by policy to establish more
stringent limit values. Societies with high environmental awareness and strong health
concerns tend to generate substantial public pressure, prompting governments to elevate
regulatory standards. Countries possessing comprehensive local epidemiological survey
data and toxicological studies are able to develop more targeted limit values based on
exposure-response relationships within their populations. For complex mixtures such as
diesel engine emissions, health risk assessments continue to evolve, and differences in the
pace and extent of adopting the latest scientific findings across countries further contribute
to divergent standards.

In summary, the determination of pollutant concentration limits in tunnels within any
country must take into account not only its natural environment, economic development
status, and level of tunnel infrastructure construction but also factors such as political
decision-making, public awareness, and scientific research and data foundations.

5. Research Methods Applied for Railway Tunnel Ventilation Analysis

Pollutant gases emitted by diesel locomotives constitute part of the fluid within tunnels.
Their concentrations vary with airflow dynamics. The diffusion and flow patterns of these
fluids through tunnel structures serve as critical references for selecting ventilation methods
and determining vent locations, fan quantities, and installation positions. To investigate
these flow characteristics, theoretical analysis, simulation, scaled model testing, and field
experiments are widely employed.

5.1. Theoretical Analysis

Theoretical calculations typically assume tunnel air as an ideal fluid: inviscid, incom-
pressible, and steady-flow. Using fluid mechanics principles, airflow rates and pressure
differentials are computed to establish baseline ventilation design parameters.

(1) Dilution Theory

If the ventilation requirements of the tunnel are calculated directly based on the
traditional pollutant emission standards for tunnels, the calculation results will far exceed
the actual ventilation needs of the tunnel. Accurate pollutant concentration data is necessary
to scale ventilation systems appropriately. For CO emissions from diesel locomotives, the
required airflow to achieve the target dilution can be calculated as

1 n
Qco = 32707 * Acofafafnfiel x Ly (Niufin) M
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QreqCO = % X % X TIO x 10° (2)
in which Qco is CO emission rate (m3/s); Qreqco Tepresents required air volume for
CO dilution (m3/s); § represents CO Design concentration (ppm); Py represents standard
atmospheric pressure (Pa); P represents tunnel atmospheric pressure (Pa); T represents
standard temperature (K); T represents summer temperature (K); gco represents Base-
line CO emission rate (m3/s); f, represents vehicle condition coefficient; fyq represents
vehicle density coefficient; f;, represents altitude coefficient; f;, represents grade-speed
coefficient; Ni, represents traffic volume for vehicle type m (vehicle/h); fm represents
vehicle type coefficient for vehicle type m; n represents the number of vehicle categories.

(2) Piston Effect Theory

For longitudinal ventilation systems, the piston effect theory assumes pollutants are
“pushed” through the tunnel. The required ventilation rate can be calculated by

Q-k(1- ) ©)

oT tq

in which Q represents the ventilation air volume in railway (m3/s); K; represents the piston
wind correction coefficient; vn, represents the piston wind velocity (m/s); vt represents
the train speed (m/s); F represents the tunnel cross-sectional area (m?); Lt represents the
tunnel length (m); t4 represents the ventilation and smoke extraction time (s).

The piston wind velocity in Equation (3) can be calculated using either steady or
unsteady flow methods:

1.  Steady flow calculation

$m ) En03 $m
= —op| 14 |14+ (2 —-1) (1220 om 4
om=or( -1+ 1+ (£ o)) @
Km = NI/ (1 — «)? 5)
I
N = (0.807042 —1.322a 4 1.008 + Ahd*> /1 (6)
h
dn = 4(F — ft)/ (S + St — 2a) 7)
2. Unsteady flow calculation
VB2-14C
S —2AC+2ACe! o (K > &m) ®)
C(B+VB?—4AC)—C(B—VB2—4AC)e!
V/B2+4AC
S —2Ac+24cetVP (K < &m) ©)

T
C(B+\/M)7C(Bf\/m)et\/32+4/\c

in which Ky, represents the piston wind effect coefficient; N represents the train drag
coefficient; I; represents the train length (m); « represents the blockage ratio; Ay, represents
the frictional resistance coefficient of annular airflow; dy, represents the equivalent diameter
of annular space in meters (m); S represents the tunnel wetted perimeter (m); S represents
the train cross-section perimeter (m); a represents the train width (m); ¢ represents the
resistance coefficient of tunnel sections excluding annular space; Parameters A, B, C are
calculated based on Ky, It, I, &, and .

The tunnel ventilation design process involves first determining the piston wind
velocity, then calculating the required smoke extraction length based on this velocity, and
finally obtaining the required number of jet fans or ventilation capacity according to the
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Design Code requirements. The steady flow theory has been widely used in China since
the 1960s and 1970s and remains in application today. Unsteady flow calculations, which
account for temporal variations in piston wind characteristics, provide more scientifically
sound results for piston wind pressure calculations in non-extra-long tunnels.

Theoretical calculations form the basis for construction ventilation scheme design,
but the reliability of these calculations depends critically on accurate determination of key
parameters including required air volume, air leakage rate, and ventilation resistance. To
improve calculation accuracy, the design process must comprehensively consider factors
such as the tunnel project’s geographical environment, climatic conditions, and engineering
characteristics, allowing for appropriate adjustments to ventilation parameters to determine
optimal ventilation solutions.

5.2. Scale Model Experiments

Full-scale or in situ tunnel ventilation tests are difficult to implement widely due to
high costs and multiple risk factors. Typically, scaled tunnel models can be constructed
based on similarity theory for ventilation research. For instance, Chen et al. [38] conducted
a 1:45 scale model (Figure 11a) to study natural diffusion patterns of pollutants from diesel
locomotives, considering tunnel gradient effects, and found smoke generally diffused
toward higher entrances. To investigate the control of smoke propagation in transversely
ventilated tunnels, Chaabat et al. [89] established a 1:25 scaled tunnel model, as shown
in Figure 11b. Mechanical equipment like fans can also be incorporated in scaled models,
Tao et al. [90] built a 65 m long 1:50 model to examine smoke and velocity field distributions
during train approach and stopping at rescue stations, analyzing mechanical ventilation’s
impact on cross-passage smoke control. Zhang et al. [91] conducted a 38 m long 1:20
model to study jet fan pressure effects on airflow distribution in tunnels with exit ramps.
Scaled modeling also applies to emergency scenarios like fires. Tanaka et al. [92] conducted
fire tests in a 1:20 tunnel model, systematically evaluating how wall thermal properties
affect critical fire wind speed and back layering distance. Cheng et al. [93] employed
1:15 scaled interconnected tunnel models to simulate fire scenarios, analyzing smoke
distribution patterns from various ignition points. Zhang et al. [94] similarly used 1:15
models to investigate longitudinal ventilation and transverse exhaust effects on temperature
distribution. Mei et al. [95] revealed multi-smoke-exhaust coupling mechanisms and smoke
layer evolution through 1:20 model tests. Additionally, scaled experiments can examine
temperature distributions at varying longitudinal distances from fire sources [96], providing
theoretical foundations for enhancing fire safety in long tunnels.

(b)

Figure 11. Typical scaled tunnel models: (a) scaled tunnel model with an elliptical cross-section [38];
(b) scaled tunnel model with a rectangular cross-section [39].
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In summary, scaled models can be effectively employed to study various tunnel venti-
lation scenarios while incorporating different ventilation system components such as fans
and ducts. These models serve for both localized ventilation analysis and overall system
efficiency evaluation. Typical scale ratios range from 1:10 to 1:50, effectively balancing
experimental feasibility with result accuracy. The scale of 1:30 is often used for long tunnels
or complex shaft structures to optimize space utilization, while 1:20 scale proves suitable
for most full-section ventilation studies by adequately simulating airflow patterns. The 1:10
scale, though more costly, provides higher precision for specialized applications. However,
while scaled experiments can simulate diverse ventilation conditions, their results depend
on similarity law conversions and model calibration, potentially limiting their ability to
fully represent universal patterns in actual tunnel ventilation scenarios.

5.3. Field Tests

Field testing remains the optimal approach for studying, optimizing, and validating
tunnel ventilation designs as it incorporates actual tunnel conditions, including geometric
dimensions, wall roughness, and train-induced piston effects. Environmental parameters
such as temperature, humidity, and air pressure can be automatically measured and in-
corporated into calculations without requiring artificial boundary conditions. Real traffic
conditions can also be simulated, making field tests particularly valuable for complex,
large-scale tunnel projects.

The Gotthard Base Tunnel is a world-renowned ultra-long railway tunnel and a
quintessential cross-border strategic engineering project. As shown in Figure 12, it consists
of twin 57 km tubes with 40 m cross-passages every 325 m serving as emergency exits. The
tunnel must withstand significant pressure fluctuations from trains operating at 250 km/h
and harsh conditions, including salt deposits, brake dust, soot, and wear materials. Its
ventilation system employs longitudinal zoning with five independent 10-12 km segments,
featuring reversible jet fans, intelligent control systems, bidirectional supply—exhaust
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Figure 12. Diagram of the ventilation system in the Gotthard Base Tunnel [97]: (a) on-site photo of the
tunnel’s internal structure; (b) schematic diagram of the overall structural composition of the tunnel.

High geothermal tunnels represent another category of complex tunnel engineering
projects. Tunnels with surrounding rock temperatures exceeding 30 °C are typically classi-
fied as high geothermal tunnels, with several such tunnels constructed worldwide [98,99].
For these environmentally challenging tunnels, field testing constitutes an essential re-
search approach. Huang et al. [99] conducted field investigations on ventilation design in
the high-temperature Nigua Highway Tunnel (Figure 13), monitoring temperature distri-
butions at critical cross-sections and cooling performance data while simulating various
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construction conditions. Their work developed a convolutional neural network method
for temperature prediction and created a dedicated mechanical ventilation cooling test
platform for high-temperature tunnels.

The highest rock temperature

Hot airflow blowing to
the outside of the hole

The entrance and dimensions of the Nige Tunnel The highest air temperature

Figure 13. Ventilation design study of the Nige Tunnel [99] (the non-English content means that the
tunnel was constructed by PowerChina RoadBridge Group).

Metro and highway tunnels with complex spatial configurations also require field
testing due to their high passenger densities and variable traffic conditions. These re-
search findings can still provide valuable insights for current ventilation issues in diesel
locomotive railway tunnels. Moreno et al. [100] performed field ventilation monitor-
ing along Barcelona Metro Line L2 (In total of 13.1 km in length), comparing air qual-
ity under mechanical ventilation versus pure piston effect conditions across 10 stations.
Fang et al. [101] identified a distinct low-velocity “dead zone” 35-40 m ahead of cross-
passages in the Huaying Mountain twin-tunnel complex through field measurements,
where airflow velocities dropped significantly and pollutant concentrations increased
markedly compared to other sections. Qian et al. [102] conducted field monitoring at
multiple locations in the Qinling Tunnel Group (Figure 14), performing real-time measure-
ments of traffic flow and environmental parameters. Their study analyzed the distribution
patterns and temporal evolution of pollutant concentrations and visibility, quantitatively
establishing correlations between traffic volume and air pollution levels. These findings
identified key control parameters for the design and management of ventilation systems in
extra-long tunnels as well as diesel locomotive railway tunnels.
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Figure 14. Diagram of the Qinling No.1 Tunnel Group [102]: (a) tunnel group location (the blue lines
represent railway lines, and the yellow lines represent the locations of tunnel group); (b) overall
structure of the tunnel.
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Field testing remains the most effective approach for tunnel ventilation research, par-
ticularly for large-scale projects with complex spatial configurations and environmental
conditions. These tests provide accurate boundary conditions and environmental parame-
ters for ventilation design. However, field testing requires optimized experimental designs
and must account for practical limitations. For instance, in diesel locomotive railway
tunnels, jet fan systems cannot guarantee uniform velocity distributions across full tunnel
cross-sections, and measured results only represent local airflow velocities at monitoring
points [103].

5.4. Numerical Simulation

Traditional ventilation design relying on empirical formulas and physical modeling
faces limitations in cost, duration, and flexibility for complex scenarios. The development
of Computational Fluid Dynamics (CFD) has provided new approaches for detailed inves-
tigation of fluid flow characteristics, leading to the creation of various commercial software
including AIRPAK (US), CFX (ANSYS), FDS (US), Fluent (ANSYS), OpenFOAM (US),
COMOSAL (Sweden), SES (US), STAR-CD (STAR-CCM+), and IDA TUNNEL (Sweden).
CFD simulations offer advantages in prediction accuracy, multi-physics coupling, and
rapid design validation, effectively modeling gas dispersion [104], smoke movement [105],
and temperature distribution [27,93] in tunnels, mines, and subways. As shown in Fig-
ure 15 [27], the software enables modeling of actual ventilation scenarios, incorporating
detailed components such as ventilation ducts and fans [106]. For boundaries with complex
fluid variations, simulation accuracy can be enhanced through optimized modeling and
mesh refinement techniques [107]. This technology has been widely applied to tunnel
construction [108], operation [109], and emergency scenarios [27,110-112], as shown in
Figure 16.

Figure 15. Incorporating the heat generated during the tunnel drilling process into the temperature
field model [27]: (a) the drilling model, (b) the control model, (c) meshes of the drilling model,
(d) meshes of the control model.
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Figure 16. Typical applications of CFD finite element simulation in tunnel engineering: (a) dust
concentration peaks at 2982 mg/m? at 1.2 m from the excavation face [108]; (b) ventilation efficiency of
0.86 under vehicle congestion conditions [109]; (c) influence range of high-temperature air exceeding
100 °C extends up to 526 m in the tunnel [110].

Shorab Jain et al. [111] employed CFAST and CEX software to model a 150 m-long
rectangular tunnel with an 80 m? cross-sectional area, analyzing fire-induced temperature
and velocity profiles while validating the simulation results. Christophe Ars et al. [113]
validated ventilation hypotheses through OpenFOAM mine simulations. Su et al. [112] de-
termined optimal ventilation schemes for fire scenarios using SES software. Wei et al. [114]
investigated the ventilation cooling process in the Xiadian Gold Mine excavation tunnel
using COMSOL software, examining the effects of tunnel cross-sectional area, airflow-
to-area ratio, and temperature difference on cooling efficiency. By integrating empirical
formulas with intake air temperature equations, they determined the maximum permis-
sible intake air temperature for safe working conditions. Zhang et al. [115] conducted
numerical simulations using FDS to investigate temperature field distributions during
flame impingement on tunnel ceilings, with particular focus on analyzing the influence of
fire source distance on maximum ceiling temperatures. Amouzandeh et al. [116] predicted
temperature distributions in tunnel fires through CFD. Critical ventilation parameters,
including critical velocity [117], backlayering length [118], ceiling temperature [119], and
heat release efficiency [120,121], have been extensively investigated.

Regarding modeling approaches, Colella et al. [107] developed a novel ventilation
modeling method that integrates 1D and 3D computational fluid dynamics using Fluent
software. This multiscale coupling approach enables detailed flow field analysis in critical
zones while improving simulation efficiency. Tan et al. [106] employed Fluent to model
jet fans and tunnel segments, investigating pollutant concentrations under varying jet
velocities and traffic conditions. Their work combined model predictive control (MPC)
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with CFD to generate optimized variable frequency drive control strategies for tunnel fans.
Han et al. [27] conducted numerical simulations of the Layue Tunnel using ANSYS 2020 R2
software, specifically examining how cross-ventilation parameters and surrounding rock
temperature influence the internal thermal environment.

For studies on pollutant dispersion patterns in tunnels, Hu et al. [122] performed
numerical simulations using FDS to examine the attenuation characteristics of CO concen-
tration and smoke temperature under different longitudinal ventilation velocities during
tunnel fires. Their results demonstrated that smoke temperature decays significantly
faster than CO concentration. The decay difference asymptotically approaches a quasi-
steady state with increasing distance from the fire source, while decay parameters decrease
with higher ventilation velocities, though the rate of decrease slows for larger-scale fires.
Hakimzadeh [123] simulated urban railway tunnel fire scenarios using FDS, establishing
hydrogen cyanide from smoke combustion as the primary critical exposure limit and
determining a maximum safe evacuation time of approximately 430 s. Hu et al. [124] sys-
tematically analyzed airflow patterns and dust dispersion in mine tunnels under various
ventilation conditions using a coupled CFD-DPM approach. Their findings revealed signifi-
cant dust accumulation within 5 m downstream of the heading machine, particularly near
the compressed air pipe outlet due to strong entrainment effects, with dust concentrations
increasing proportionally with ventilation velocity. Huang et al. [125] employed CFD to
demonstrate that both the distance from the duct system to the working face and the duct
ventilation volume substantially influence CO gas dispersion rates [126].

ANSYS Fluent is currently the most widely used commercial CFD software, sup-
porting multiple solvers and models for simulating various fluid dynamics problems
including turbulent flow, heat transfer, and chemical reactions. It features comprehen-
sive post-processing capabilities for flow field visualization and analysis. FDS special-
izes in fire scenario simulations, including smoke dispersion, thermal stratification, and
emergency smoke extraction. CFX can simulate multiple physical processes but requires
2000-5000 iterations for convergence, making it suitable for high-precision rotating ma-
chinery and flow field coupling. COMSOL employs graph theory-based pressure balance
calculations, ideal for mine ventilation network analysis, though complex models demand
substantial computational resources. OpenFOAM excels in turbulence and multiphase flow
modeling but requires C++ programming knowledge. SES is tailored for railway appli-
cations, particularly suited for transient analysis of tunnel piston effects with integrated
rail vehicle dynamics coupling. Researchers should select appropriate computational fluid
dynamics software based on specific research conditions and purposes.

Theoretical analysis, scale modeling, field testing, and numerical simulation represent
the primary technical approaches for tunnel ventilation research. (1) Theoretical methods
provide rapid preliminary estimates of ventilation system scale but depend heavily on
accurate parameter determination like resistance coefficients. (2) Scale experiments allow
simulation of diverse ventilation scenarios through adjustable scaling ratios that balance op-
erational efficiency with precision. (3) Field testing represents the most effective approach
for investigating actual tunnel ventilation designs, particularly for complex large-scale
engineering projects. However, studies involving multiple complex working conditions
may require substantial experimental costs, significant time investments, and considerable
testing risks. (4) CFD simulations enable realistic tunnel scenario reconstruction and com-
plex condition modeling, with mature commercial software reducing modeling complexity
and computation costs. (5) Given the respective advantages and limitations of different
research methods, as summarized in Table 6, combining multiple approaches has emerged
as an innovative research strategy. For new tunnel ventilation design projects, theoretical
and empirical methods can establish the fundamental structural framework and ventilation
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zoning. Scale modeling enables testing of complex local geometries and critical parameters,
while numerical simulations facilitate refinement and optimization of tunnel components.
Computational modeling significantly reduces experimental costs and risks. The validated

ventilation design can subsequently undergo field testing for performance verification.

Table 6. Comparison of Research Methods Applied in Tunnel Ventilation Studies.

Research Method Applicable Scenarios Advantages Limitations
e Relies on significant
simplifying
assumptions (e.g.,
one-dimensional flow,
e Enables quick steady-state, uniform
comparison of distribution),
e  Feasibility study and multiple alternatives struggling to capture
preliminary design in and parameter complex
early project phases. sensitivity analysis. three-dimensional
e Rapid estimationand e  Facilitates flows.
. _ sizing of ventilation understanding of e  Accuracy of results
Theoretical Analysis systems. fundamental highly depends on the
e Providing theoretical principles and appropriate selection
framework and initial dominant factors in of empirical
parameters for other ventilation systems. parameters such as
research methods. e  Derived formulas and friction and local
conclusions possess resistance coefficients.
general applicability. =~ e  Limited capability in
simulating transient,
nonlinear complex
scenarios like fires or
traffic congestion.
e Allows direct ¢ leﬁculty m
. simultaneously
- observation of - AT
e Investigation of . . fulfilling all similarity
o . physical processes like . .
specific physical criteria, potentially
flow and smoke .
phenomena (e.g., dispersion leading to result
smoke stratification, P . distortion.
. . Highly replicates real . .
piston effect, jet fan . . e Time-consuming and
physical mechanisms . s
performance). imilari labor-intensive in
: e Validation and when similarity model fabrication
Scale Model Experiment o criteria are satisfied. ’
calibration of . sensor deployment,
e  Enables systematic

numerical models.
Aerodynamic study of

study of individual
variables by isolating

and data acquisition.
Some measurement

local complex 7 techniques (e.g., PIV)
them, avoiding :

structures (e.g., ramps, may disturb the flow
uncontrollable . L

smoke exhaust vents). . field and obtaining
interference from real . :

. full-field data is

environments.

challenging.
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Table 6. Cont.

Research Method Applicable Scenarios Advantages Limitations
Involves high costs
and safety risks,

Final verification of particular.ly. for fire.
the effectiveness and t?sts requiring traffic
reliability of . cLosure.
ventilation system Reflects the combined Susceptible to external
desion influence of tunnel factors like weather
Per fgrr.nance structure, traffic flow, and traffic conditions,
evaluation and and environment, making specific
optimization potential providing the most scenario replication
Field Test P P credible results. difficult.

assessment of existing
tunnel ventilation
systems.

Study of the most
realistic and complex
operational conditions
(e.g., fire, traffic
congestion).

Yields first-hand
real-world data,
avoiding errors
introduced by model
scaling.

Limited measurement
points hinder
acquisition of
complete, detailed
spatial field data.
Typically conducted
only after system
construction, limiting
utility for preliminary
design optimization.

Numerical Simulation

Full-scale,
three-dimensional
detailed simulation of
flow, mass, and heat
transfer processes in
tunnels.

Fire dynamics
simulation (smoke
spread, temperature
distribution, visibility
change).

Detailed optimization
and comparison of
ventilation schemes.

Provides
comprehensive data
for all variables across
the entire flow field
(velocity, pressure,
temperature, pollutant
concentration, etc.).
Offers high flexibility
in modifying
geometry, boundary
conditions, and
scenarios without
physical constraints.
Significantly reduces
research and
optimization costs
compared to field and
model experiments.
Exhibits good
predictive capability,
especially for
pre-evaluating
hazardous scenarios
like fires.

High-fidelity,
large-scale
computations demand
substantial
computational
resources and time.
Accuracy depends on
the selection of
models (e.g.,
turbulence,
combustion) and
requires validation
against theoretical or
experimental data.
Susceptible to
numerical errors
influenced by
discretization schemes
and mesh quality,
demanding high user
expertise.

In summary, empirical and theoretical studies establish fundamental directions and

frameworks for experimental and simulation research. Experimental investigations provide
realistic boundary parameters for computational analysis, while numerical simulations
reduce trial-and-error costs in physical testing. Ultimately, systematic computational
analysis coupled with experimental validation yields research outcomes that contribute to
the refinement of ventilation theory.
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6. Main Factors Affecting the Ventilation Effect of Diesel Locomotive
Railway Tunnels

6.1. Pollutant Concentration and Its Distribution

The main purpose of ventilation design is to control the concentration of pollutants
in the tunnel to ensure the health and safety of workers, while meeting the requirements
of environmental protection and sustainable development [127]. Therefore, the specific
concentration of pollutants in the tunnel is the primary factor affecting the ventilation
design. The concentration data is an important basis for determining the capacity and
type of ventilation equipment, which is related to the overall ventilation scale and specific
ventilation details design of the tunnel [128]. If the pollutant concentration is high, large-
scale ventilation equipment such as jet fans and axial fans need to be selected, and the
number and power of the fans should be increased to ensure sufficient ventilation volume
to dilute and discharge the pollutants.

Excessively high pollutant concentrations can also cause corrosion and damage to
ventilation equipment, shortening the service life of the equipment. For example, acidic
gases such as nitrogen oxides and sulfur dioxide will form acidic substances in a humid
environment, which will corrode the metal parts of the ventilation equipment. In addition,
dust and particulate matter in the tunnel will also adhere to the blades and inner walls
of the ventilation equipment’s pipes, affecting the operating efficiency of the equipment.
Therefore, a reasonable ventilation design can reduce the pollutant concentration, reduce
the damage to the ventilation equipment, extend the service life of the equipment, and
lower the equipment maintenance cost.

In fact, the tunnel is a complex spatial structure, and the pollutant concentration in
the tunnel is not a constant value. It is spatial-temporal distribution data that changes
dynamically. Because the pollutants emitted by diesel locomotives not only diffuse along
the cross-section but also flow along the longitudinal section of the tunnel [129]. Currently,
it is still a difficult problem to accurately grasp the spatial-temporal distribution of different
types of pollutants in the entire tunnel space. Although simulation can be used for model-
ing [108-110], for actual projects, how to reasonably arrange sensors on the cross-section
and longitudinal section and ensure the accuracy and stability of the sensors still needs
in-depth research [130].

6.2. Cross-Section Size, Length, and Gradient of the Tunnel

The cross-section size, length, and gradient of the tunnel are the core parameters of the
tunnel structure, which directly affect the ventilation resistance, pollutant diffusion ability,
and the selection of the ventilation system.

(1) Cross-section size

Traditional single-entrance single-track tunnels have advantages such as good symme-
try, a significant piston-wind effect, uniform distribution of cross-section wind speed, only
being affected by the side-wall boundary layer, and having relatively weak eddy current
intensity. With the further development and utilization of underground space and the
increasing maturity of tunnel excavation technology, the cross-section size of tunnels is
becoming larger, and the number of operational lines that a single tunnel can accommo-
date is also increasing accordingly. A single-tunnel multi-track design can significantly
reduce the initial investment and shorten the construction period. However, under the
condition of the same wind speed, the larger the cross-sectional area, the more ventilation
volume is required, and the higher the energy consumption of the fans. In addition, as the
cross-section size increases, the efficiency of the piston wind of the train in pushing the air
decreases, further increasing the reliance on mechanical ventilation.
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The increase in the tunnel cross-section does not only have negative impacts on the
ventilation design. Sun et al. [131] selected six different cross-section sizes (as shown in
Figure 17, where A represents a large cross-section and the others represent extra-large
cross-sections) and established tunnel models, respectively. They found that as the cross-
section size increases, the distance for the smoke to reach the tunnel ceiling during a fire
becomes longer, and the maximum temperature of the ceiling structure is also reduced. In
addition, Chi et al. [132] found that adopting a transverse ventilation scheme (constructing
a rail-top air duct at the tunnel roof) can greatly reduce the reliance of large-cross-section
tunnels on mechanical ventilation equipment. The common air duct layout methods are
shown in Figure 18. The exhaust gas emitted by diesel locomotives in the tunnel has
a certain amount of heat and will naturally rise. Placing the air duct at the tunnel roof
can more effectively capture and discharge these rising harmful gases, enabling a good
convection between the fresh air from the outside and the air inside the tunnel. This
not only achieves the efficient discharge of exhaust gas but also reduces the reliance on
large-scale ventilation equipment.

ORNEY

10.25m x 7.5m 16 mx 8m 20mx 10 m
E F
22mx 11 m 24mx 12 m 26 mx 13 m

Figure 17. Different cross-section of the tunnel [131].

Figure 18. Schematic diagram of the air duct designed for the tunnel: (a) air ducts commonly used in
highway/railway tunnels; (b) air ducts commonly used in subway tunnels (the red arrow represents
the flow direction of the polluted gas).

(2) Cross-section shape

Common cross-section shapes of tunnels include circular, horseshoe-shaped, and
rectangular. Circular and horseshoe-shaped cross-sections have uniform airflow distri-
bution and low local resistance, making them suitable for long tunnels. Rectangular and
straight-wall arched cross-sections are convenient for construction, but vortices are likely to
occur at the corners, leading to an increase in local resistance. Currently, most single-track
and double-track tunnels have horseshoe-shaped cross-sections, while multi-track tunnels
mostly have rectangular or multi-circular mixed cross-sections. Peltier et al. [133] estab-
lished tunnel models with circular, horseshoe-shaped, and cut-and-cover cross-sections
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to study the convective heat transfer phenomenon and the development of velocity and
thermal boundary layers in the tunnel. The study found that the cross-section shape of the
tunnel affects the development of the thermal boundary layer but not the development
of the velocity boundary layer. The variation in the heat transfer coefficient along the
longitudinal length of the circular cross-section is the most significant. It is recommended
that circular /horseshoe-shaped cross-sections can also be preferentially selected for short
tunnels to utilize the longer strong heat transfer area.

(3) Tunnel length

Railway tunnels are generally classified into short tunnels (L < 500 m), medium-
long tunnels (500 m < L < 3000 m), long tunnels (3000 < L < 10,000 m), and extra-long
tunnels (L > 10,000 m) according to their length. For short tunnels, ventilation can rely on
the train piston wind and natural wind, but the pollutant concentration under the most
unfavorable meteorological conditions needs to be checked. Medium-sized tunnels must
adopt mechanical ventilation, such as jet fans. In long tunnels, CO, NOy, and heat emitted
by diesel locomotives are likely to accumulate continuously in the tunnel. It is necessary to
adopt segmented ventilation or design a combined ventilation system of “longitudinal +
transverse” [134]. Considering that the construction terrain of diesel locomotive railway
tunnels is usually high mountains and deep valleys, it is difficult to set up auxiliary
tunnels, and the synchronous construction of shafts and inclined shafts is challenging.
Sulfficient attention should be paid to the ventilation problem of extra-long diesel locomotive
railway tunnels.

(4) Tunnel gradient

When the gradient of a diesel locomotive railway tunnel increases, the load on the
diesel locomotive will increase correspondingly during the uphill operation. At this time,
there will be a significant increase in the exhaust gas emission and temperature, and the
required ventilation volume will also increase accordingly. During the downhill operation,
although the exhaust gas emission of the diesel locomotive will be relatively reduced,
the braking process of the train may cause an increase in the concentration of particulate
pollutants in the tunnel. Kong et al. [135] established ventilation models of tunnels with
different gradients using ANSYS Fluent software to study the flow field characteristics and
ventilation effects of jet fans under different gradient conditions. It was found that as the
tunnel gradient increases and the number of gradient changes increases, the average wind
speed of the tunnel cross-section gradually decreases, and in the gradient-changing area,
the pressure-boosting coefficient of the fans decreases significantly.

6.3. Operation Conditions of the Train

The influence of train operation on tunnel ventilation is mainly reflected in aspects
such as the train piston effect, thermal effect, and airflow disturbances under different
operation modes. Research shows that the piston wind generated by trains running in
tunnels helps to expel harmful gases from the tunnel [136]. Gu et al. [137] conducted a
systematic study on the influencing factors of the piston wind speed of running trains
and found that the piston wind speed is positively correlated with the train speed and
negatively correlated with the tunnel cross-sectional area. Xue [138] and Niu et al. [103]
combined on-site measurements with numerical simulations to study the influence of
piston wind on the airflow and found that there are specific diversion and suction ratios in
each airflow passage.

The start/stop of trains, the opening and closing of air shafts, and the adjustment of the
ventilation system all generate a large amount of heat, which exacerbates the temperature
rise in the tunnel. Bifurcated tunnels can save railway lines and improve line utilization.
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However, the multiple entrances and exits of bifurcated tunnels induce air cross-flow,
i.e., the mixing of fresh air and polluted air inside the tunnel. This makes it difficult to
efficiently remove pollutants, prolongs the residence time of pollutants inside the tunnel,
and makes diffusion more difficult [139]. The uphill and downhill operations of trains also
have different impacts on ventilation. When a train is going uphill, the load on the diesel
locomotive increases, and the exhaust gas and heat emissions increase significantly. When
going downbhill, the braking energy can be utilized, and the piston effect is enhanced [140].

The most unfavorable ventilation conditions in a tunnel are usually related to the
interactive operation of multiple trains. When two trains meet in a tunnel, the velocity
field of the fluid in the tunnel changes drastically, and multiple vortex regions may appear.
At the same time, the running stability of the trains is also affected. Specifically, when
two trains meet head-on, the directions of the piston winds are opposite, which leads to a
decrease in the airflow velocity in the middle of the tunnel and forms an airflow stagnation
zone, resulting in the accumulation of pollutants [141]. At this time, the effect of natural
ventilation weakens, and it is necessary to increase the power of mechanical ventilation or
set up intermediate air shafts and partitions. When two trains meet in the same direction,
the pollutants from the leading train have not been completely removed when the following
train enters the tunnel, resulting in the superposition of pollutant concentrations in the
tunnel. If the speed difference between the two trains is large, the pollutants emitted by the
leading train may not have sufficient ventilation time to be discharged outside the tunnel.
As a result, the trailing train may experience insufficient oxygen concentration inside the
tunnel, which can exacerbate incomplete fuel combustion. This may lead to the loss of
traction power and potentially increase pollutant emissions. In this case, the requirements
for ventilation inside the tunnel will be further elevated.

Therefore, the influence of train operation conditions on the ventilation system is
mainly reflected in the impact of the piston wind effect on the diffusion of pollutant
concentrations in the tunnel. The tunnel ventilation system needs to dynamically adjust
its operating state according to the real-time position of trains and the passing intervals
between different trains, such as delaying the shutdown of fans or increasing the ventilation
wind speed. In practical engineering, the real-time position of trains can be accurately
detected by sensors. However, affected by the train headway, the effective ventilation time
available for reducing the pollutant concentration is often uncertain. Technologies such as
big-data analysis can be adopted to achieve the orderly scheduling of trains and increase
the effective ventilation time.

6.4. Ventilation Structures

In practice, vertical shafts and inclined shafts are usually installed to connect the
enclosed tunnel space with the outside [142,143]. For parallel multi-tunnel systems, trans-
verse passages are often set between different main tunnels. The installation of these
ventilation structures significantly changes the airflow path, resistance, zoning capacity,
and emergency smoke exhaust capacity inside the railway tunnel.

(1) Influence of vertical shafts and inclined shafts

If a long tunnel only relies on the two end openings for longitudinal ventilation, it
will face large wind resistance and insufficient air volume at the end, which often makes it
difficult to discharge pollutants. Installing vertical shafts and inclined shafts is equivalent
to opening multiple “skylights” or “side doors” in the middle or along the tunnel, dividing
the long tunnel into several shorter ventilation sections, as shown in Figure 19. Fresh air
only needs to be sent to the nearest air supply shaft, and exhaust gas only needs to be
discharged from the nearest exhaust shaft, greatly shortening the ventilation path and
time. The shortened ventilation path means less frictional resistance along the way, and the
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requirement and dependence on the fan power are also reduced accordingly. In addition,
independent control of air volume and air velocity can be carried out for different zones to
adapt to the changes in pollutant concentration in different sections. When utilizing the
train piston wind effect, vertical shafts can serve as supplementary air inlets or pressure
relief ports for the piston wind. Cong et al. [144] used the natural ventilation pressure
analysis method and found that the natural ventilation pressure in a tunnel with vertical
shafts is ten times that in a tunnel without vertical shafts. Li et al. [145] found that inclined
shafts, horizontal passages, and vertical shafts help to relieve the peak transient pressure
experienced by trains, thereby improving passenger comfort. Vertical/inclined shafts are
also crucial smoke exhaust outlets and rescue escape passages in case of fire. Powerful
smoke exhaust fans quickly extract high-temperature and toxic smoke out of the tunnel
through the exhaust shafts to prevent the spread of smoke, creating a smokeless or low-
smoke environment for personnel escape and fire-fighting rescue [26]. The layout of
vertical /inclined shafts and transverse passages can also achieve smoke exhaust zoning.
By shutting off the air supply in the zone near the fire source and increasing the smoke
exhaust volume of the exhaust shafts, the spread range of smoke can be limited.

N

—
) |
—_ |

 —p
¥

R

K_
|

A

I e - iz -

(a) | - - (b)

Figure 19. Piston airflow field of subway vehicles in the tunnel: (a) scenario without vertical shafts;
(b) scenario with vertical shafts (the blue arrows indicate the airflow direction inside the tunnel).

Some scholars have also made partial improvements to the design of traditional
vertical shafts. For example, Fan et al. [146] studied the natural ventilation performance of
shallow-buried urban tunnel vertical shafts under the action of the external wind field and
proposed a ventilation method of installing jet fans downstream of the vertical shafts, and
verified the effectiveness of the method through numerical simulation. Zhou et al. [103]
conducted research on the optimization of the natural ventilation performance of urban
tunnels. Based on an innovative method of solid smoke-blocking plates, they installed
adjustable-angle solid smoke-blocking plates under the vertical shafts to form a chimney-
effect enhancement structure. By conducting parametric studies on the height, angle of the
baffle, and longitudinal air velocity, the smoke control time can be greatly shortened.

(2) Influence of transverse passages

Transverse passages are key structures connecting the main tunnel with parallel service
tunnels/pilot tunnels. In semi-transverse or full-transverse ventilation systems, fresh air
can be evenly supplied to each cross-section of the main tunnel through dedicated air
ducts (usually parallel to the roadway) or service tunnels and then through the transverse
passages, achieving “complementary effect between two tunnels” [147] and optimized air
exchange in the tunnel. In addition, polluted air can be collected into the exhaust ducts
or service tunnels through the transverse passages and then discharged centrally. Based
on this, a variety of new ventilation methods have been derived. For example, Chen [37]
proposed a fire-prevention ventilation scheme for double-bore single-track tunnels. When
a fire occurs, jet fans at both ends of the tunnel entrance pressurize the inside of the tunnel,
and air is supplied from the safety tunnel to the accident tunnel. Rafael et al. [47] found
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based on the Inner Belt roadway “Ronda del Mig” in Barcelona that setting exhaust ports in
the transverse internal passages between two independent parallel tunnels can effectively
evacuate smoke in case of a fire. Zhou et al. [148] also found that the critical velocity in
the transverse passage is related to the fire source location, semi-transverse smoke exhaust
velocity, height of the protective door, and tunnel blockage ratio.

In summary, the installation of ventilation structures such as vertical shafts, inclined
shafts, and transverse passages directly affects the direction, magnitude, and distribution of
the airflow in the tunnel. A reasonable layout can not only help speed up tunnel construc-
tion [149] but also ensure that the entire tunnel receives a uniform and sufficient supply
of fresh air and efficient discharge of polluted air, effectively improving the ventilation
effect of the railway tunnel. However, the ventilation structures themselves will bring local
resistance (such as bends and cross-section changes). For example, local resistance will be
generated at the connection (confluence/diversion) between the vertical/inclined shaft and
the main tunnel. Improper design will increase the system energy consumption. The angle
of the inclined shaft affects the smoothness of the airflow and the construction difficulty.
The size, length, number of elbows, and internal smoothness of the transverse passages
will also directly affect the resistance loss when the airflow passes through. A too-small or
roughly designed transverse passage will become a ventilation bottleneck.

6.5. Effect of Auxiliary Ventilation Equipment

Fans are common ventilation devices. The power (wind speed), installation position,
deflection angle (wind direction), and working time of the equipment will have a great
impact on the ventilation effect. Based on the theoretical introduction in Section 5, it can
be known that according to the parameters such as the size of the tunnel, the air volume
required to dilute the concentration of harmful gases to the designed concentration can be
preliminarily estimated, and then the scale of the fans required can also be obtained.

(1) Fan wind speed. Generally speaking, in the same tunnel environment, the faster
the fan wind speed, the more conducive it is to the rapid diffusion of polluted gases in the
tunnel. In the fire scenario, Tuovinen et al. [150] used CFD simulation and found that as the
ventilation speed increases, the spread speed of dangerous hot gases decreases. However,
Piet Hartman et al. [151] considered the escape passages in the tunnel and found that when
the wind speed of the tunnel jet fans is too fast, the resulting pressure increase will cause
the pressure in the tunnel to be greater than that in the escape passages, leading to the
escape passages being filled with smoke, which is not conducive to the safe evacuation
of personnel. Barbato et al. [152] studied the critical ventilation speed and found that the
tunnel geometry, slope, and type of heat release rate all have an impact on the critical
ventilation speed.

(2) Fan position. Zhao et al. [25] studied the influence of the installation position of
jet fans for disaster-prevention ventilation on the ventilation effect based on the network
ventilation algorithm and three-dimensional numerical method. They found that since the
protective door is located between the auxiliary tunnel and the main tunnel, the distance
between the jet fan and the protective door will directly affect the ventilation efficiency.
Yuan et al. [49] installed jet fans at two tunnel entrances. Based on the FDS simulation
software and full-scale ventilation experiments, they found that the grouped induced
ventilation design can effectively suppress the back-flow of smoke. Taking the length
optimization of the air chamber parameters as an example, Tao et al. [153] used a three-
dimensional numerical model verified by field tests to explore the influence of the air
chamber length, partition length, and fan arrangement method on the ventilation efficiency
of the axial fan. They found that the best arrangement method of the axial fan is to arrange it
symmetrically along the axis, which can obtain the maximum airflow velocity and drainage
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range in the air chamber. This new ventilation system forms a relay ventilation by setting
a sealed air chamber at the intersection of the main tunnel and the inclined shaft, greatly
extending the ventilation distance and improving the ventilation efficiency.

(3) Fan deflection angle. The deflection of the fan also has a significant impact on the
airflow in the tunnel. Tang et al. [154] used numerical simulation and found that when two
ceiling-mounted fans are arranged with a deflection of 2-5°, the pressure lift of the fans can
be increased, the jet resistance loss of the fans can be reduced, which is beneficial to the
ventilation of the tunnel with over-development. Chen et al. [155] also found that tilting the
fan outlet in the tunnel downward at a certain angle can reduce the wall shear stress and
improve the pressure lift coefficient. Lee et al. [156] analyzed the ventilation characteristics
of jet fans installed on a certain expressway under different elevation angle conditions at
the inlet and outlet. They found that when the elevation angle of the fan is low, the energy
loss caused by the friction of the tunnel roof is significant, and when the elevation angle is
too high, the energy loss mainly comes from the airflow recirculation. When the elevation
angle is 6.0°, the comprehensive energy loss of the roof and the floor is the smallest, and
the ventilation effect is the best. Although this study is aimed at highway tunnels, the
research conclusions still have reference value for the design of fans in railway tunnels.
Li et al. [157] studied the single-heading excavation of double-bore tunnels. When the
power of the forced-ventilation equipment in the two tunnels is different, CO will diffuse to
the other tunnel along the crosswalk, causing air pollution in the adjacent tunnel. Therefore,
during the blasting excavation of double-bore tunnels, the ventilation power should be
kept the same to reduce the diffusion range of CO.

In summary, the selection of the fan wind speed and installation position in the
tunnel should be combined with the specific conditions such as the tunnel geometry,
length, slope, and the setting of ventilation structures. Deflecting the fan outlet at a certain
angle can reduce the frictional resistance loss between the conveyed air and the tunnel
sidewall. When multiple fans are installed, cooperation between different fans also needs to
be considered.

6.6. External Environmental Condition

There are many external environmental factors that affect the ventilation of railway
tunnels, such as natural wind direction and speed, temperature, humidity, and air pressure.

(1) Altitude

The influence of altitude on ventilation is mainly reflected in the changes in air density
and natural wind pressure. As the altitude increases, the atmospheric pressure decreases,
and the air density decreases. According to the principles of fluid mechanics, the per-
formance of the fans in the ventilation system is closely related to the air density. In
high-altitude areas, due to the low air density, the actual air volume and pressure generated
by the fans will be lower than those in low-altitude areas. For example, a fan with the
same power will transport less air mass in a high-altitude tunnel, resulting in a reduction
in ventilation capacity. Chen et al. [158], relying on the Mangkang Mountain Tunnel project
of the Sichuan-Tibet Railway, found that the CO generated by tunnel blasting increases
with the increase in altitude, and the dust flows along the wall, aggregates into clusters
and diffuses towards the tunnel entrance. When the wind speed is too high, the decreasing
trend of the dust mass concentration slows down.

The difference in altitude can also lead to the formation of natural wind pressure
inside and outside the tunnel. In mountainous areas, with different altitudes at the tunnel
entrance and exit, air will flow from high-altitude areas to low-altitude areas due to gravity.
If the direction of this natural wind pressure is consistent with the design direction of the
ventilation system, it will help enhance the ventilation effect and reduce ventilation energy
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consumption. Conversely, if the directions are opposite, it will increase the burden on
the ventilation system and reduce the ventilation efficiency. Guang et al. [159], in order
to determine the movement law of fire smoke in the shaft of a high-altitude tunnel under
natural ventilation conditions, found through simulation studies that the critical Richardson
number decreases under reduced-pressure conditions. The main reasons for the decrease in
the critical Richardson number are the increase in smoke temperature and the acceleration
of the flow velocity caused by the decrease in environmental pressure. Liu et al. [160]
simulated the flow velocity and temperature distribution of fire smoke in high-altitude
areas and found that the smoke flow velocity is proportional to the altitude, and due to
heat loss, the smoke velocity decays exponentially along the longitudinal direction.

(2) Temperature

An increase in temperature causes air to thermally expand and its density to decrease.
In a tunnel, if the temperature inside the tunnel is higher than the outside temperature, the
hot air will rise, forming a natural upward airflow. This natural convection phenomenon
will affect the airflow organization of the ventilation system. When the temperature
distribution inside the tunnel is uneven, the air density in different temperature regions
varies, which will generate local airflow circulation and interfere with the normal operation
of the ventilation system, reducing the ventilation effect. Temperature also affects the
diffusion speed of pollutants in the tunnel. Generally, the higher the temperature, the faster
the diffusion speed of pollutants.

(3) Natural wind

Considering the natural wind speed is of positive significance for the design of the
tunnel ventilation system [149]. When the natural wind speed is high and the direction
is consistent with the tunnel ventilation direction, the natural wind will have a positive
pressure effect on the tunnel ventilation [161]. At this time, the ventilation system can
use the power of the natural wind to reduce the operating power of the fans and lower
the ventilation energy consumption. If the natural wind speed is high but the direction
is opposite to the tunnel ventilation direction, it will form a negative pressure, hindering
the normal discharge of air inside the tunnel and reducing the ventilation effect. In this
case, the ventilation system needs to overcome the resistance of the natural wind to achieve
ventilation, increasing the load on the fans. When the natural wind speed is unstable or the
wind direction is changeable, it will cause the airflow inside the tunnel to be disordered. The
unstable airflow will disrupt the airflow organization of the ventilation system, making the
ventilation effect uneven. It may even form eddies inside the tunnel, affecting the discharge
of pollutants and the normal operation of the ventilation system. This is quite common in
complex mountain tunnels where the wind direction and speed change frequently.

The complex and changeable environmental characteristics often pose great challenges
to tunnel ventilation. With the continuous increase in deep-sea tunnels, high-altitude
tunnels, and extra-long tunnels, the necessity of real-time monitoring of meteorological
data is becoming increasingly prominent. Wang et al. [162] systematically monitored
the longitudinal temperature, humidity, wind speed, and the concentrations of CO, NO,
and particulate matter in the Xiamen Xiang’an Subsea Tunnel (as shown in Figure 20) to
study the longitudinal distribution laws of environmental parameters and motor vehicle
pollutants in the urban subsea highway tunnel. The study found that the air temperature
and relative humidity at the tunnel exit are relatively high, the NO, concentration exceeds
the threshold, and the V-shaped slope has a significant impact on the distribution of motor
vehicle pollutants. The emissions of CO and NO; on the uphill section are 2.78 times and
1.28 times those on the downhill section, respectively. In the longitudinal V-shaped slope of
the subsea tunnel, particulate matter will coalesce with water droplets in the air, gradually
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aggregating into larger particles, which will accumulate at the slope bottom or adhere to
the tunnel wall under the action of gravity, reducing the visibility at the slope bottom and
affecting driving safety.
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Figure 20. Xiang’an Subsea Tunnel: (a) plan layout; (b) longitudinal section [162].

In addition to deep-sea tunnels, the environmental characteristics of high-altitude
tunnels are also complex, featuring low air pressure and low density. Yao et al. [119]
studied the flow law of smoke in high-altitude tunnels through numerical simulation and
found that, under a certain fire source power, the thickness of the downstream smoke
layer increases with the increase in environmental pressure and ventilation speed, and the
influence of the ventilation speed is more obvious. Tian et al. [163], considering factors
such as the temperature difference between the inside and outside of the tunnel and the
wind speed, proposed a ventilation scheme of shaft supply and exhaust + complementary
air duct diversion + jet fans for extra-long tunnels.

6.7. Diffusion Coefficient

The diffusion coefficient in a tunnel is an important parameter describing the diffusion
ability of pollutants in the air within the tunnel. It reflects the characteristic of pollutants
gradually dispersing in the tunnel due to molecular diffusion, turbulent diffusion, etc. It
is usually denoted by the symbol D with the unit of m?/s. Sun et al. [164] monitored the
concentrations of CO and NOy (converted to NO,) and the wind speed during the normal
operation of the tunnel. Combining theoretical analysis and one-dimensional numerical
simulation methods, they found that the diffusion coefficients of CO and NOy in high-
altitude single-track railway tunnels with diesel locomotives are much larger than those
in plain areas. Sun et al. [165,166] calculated and analyzed the diffusion coefficients of
NOy and CO in Laoguanjiao Tunnel, Yangbajing No. 1 Tunnel, and Kuixian Tunnel, and
found that:

(1) The diffusion coefficients of NOy and CO in the tunnel increase with the increase
in wind speed, and the relationship conforms to the quadratic function D = au? + bu + c is
the wind speed in the tunnel, and a and c are fitting constants. By substituting the wind
speed into the above function, the pollutant diffusion coefficients under different wind
speed conditions can be estimated.
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(2) Under mechanical ventilation conditions, the diffusion coefficients of NOy and CO
are higher than those under natural ventilation conditions. Mechanical ventilation has an
important influence on the spatial distribution of the diffusion coefficient.

(3) The pollutant diffusion coefficient in the tunnel is also related to the distance
from the tunnel entrance. As can be seen from the above, the diffusion coefficient is a
comprehensive representation of the diffusion characteristics of pollutants in the tunnel.
The diffusion coefficients of different pollutants vary, and they are affected by multiple
factors, so it is difficult to accurately estimate them. In practice, the determination of the
diffusion coefficient often requires on-site tests and long-term monitoring.

In conclusion, the working efficiency of the railway tunnel ventilation system is closely
related to the distribution of pollutant concentrations in the tunnel, the dimensional param-
eters of the tunnel, the ventilation structure, the ventilation equipment, and the operating
conditions of the train. It also highly depends on external environmental conditions such
as altitude, temperature, humidity, and natural wind. The comprehensive influence of
external environmental conditions can be macroscopically reflected by the diffusion co-
efficient. Different influencing factors often jointly change the ventilation performance
through complex coupling effects [167].

The preceding six subsections have individually enumerated various factors that
may impact ventilation efficiency from different perspectives. However, in practice, these
factors are closely interrelated and interact with each other. Consequently, the influence of
individual factors on the overall ventilation effect is often difficult to isolate and analyze
separately. For instance, as mentioned earlier, the diffusion coefficient is a critical factor
affecting pollutant dispersion. Yet, the diffusion coefficient itself is influenced by multiple
variables such as atmospheric pressure, altitude, and temperature, among which, altitude
also affects temperature. The dynamic dispersion patterns of pollutants within the tunnel
are collectively determined by the tunnel cross-sectional dimensions, the ventilation struc-
tures, and the operating conditions of the train. Furthermore, the optimal operating state
of the ventilation system during operation is closely linked to both the current operating
status of the train and the natural wind conditions. A single factor is seldom sufficient
to determine the overall ventilation effect. How to achieve effective ventilation control
by accounting for the interconnected influences of these factors constitutes a systematic
research topic worthy of investigation.

7. Ventilation Control for Diesel Locomotives Railway Tunnels

The ventilation control technology for diesel locomotive railway tunnels is a crucial
part in ensuring the air quality inside the tunnel and the safety of train operation. Its core
control strategies can be divided into three major categories: passive control, active control,
and intelligent control. The selection of the ventilation system mainly depends on tunnel
parameters such as length, traffic direction, and traffic volume [168].

7.1. Traditional Ventilation Control Modes

The traditional control mode for tunnel ventilation is to ventilate the tunnel with a
fixed time and volume after a train passes. Based on experience or statistical data, the
operation time and mode of ventilation equipment (such as fans) are preset in advance,
which is generally achieved by fans [126]. Regardless of the actual traffic flow and pollutant
concentration changes in the tunnel, the ventilation system operates according to a fixed
schedule. This control mode is simple, easy to implement, and low-cost. However, it lacks
flexibility and may lead to energy waste or insufficient ventilation [169]. For example,
during periods of low traffic flow, the ventilation system operating according to a fixed
schedule may provide excessive ventilation and consume unnecessary electrical energy.
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Traditional ventilation control modes also include natural ventilation and manual
control. Natural ventilation is generally suitable for short tunnels [170] and will not be
introduced in this paper. Manual control means that operators can manually turn on, turn
off, or adjust the operating power of ventilation equipment based on intuitive feelings
such as the smell and visibility in the tunnel, or based on experience and some simple
monitoring data. Especially when a major accident occurs in the tunnel, manual control
can quickly turn on all the fans in the tunnel to avoid secondary hazards. Although manual
control has a certain degree of flexibility, it depends on the experience and judgment of
operators, is highly subjective, and is prone to misoperation. Moreover, it cannot respond
promptly to the rapid changes in the tunnel environment. For example, when a sudden
traffic accident in the tunnel causes a sharp increase in pollutant concentration, manual
control may not be able to make an effective response in time.

7.2. Sensor-Based Active Control

The active control of tunnel ventilation refers to a ventilation mode that determines
the operating state of ventilation equipment based on the detection results of (pollutant
and vehicle) sensors.

(1) Concentration sensing: Multiple pollutant concentration sensors are installed in the
tunnel to monitor the pollutant concentration in the tunnel in real-time. When the pollutant
concentration exceeds the set threshold, the ventilation control system automatically adjusts
the operating parameters of the ventilation equipment to increase the ventilation volume
and reduce the pollutant concentration; when the pollutant concentration is below the
threshold, the ventilation volume is appropriately reduced to save energy. This method can
adjust the ventilation volume in real-time according to the actual pollutant concentration in
the tunnel, achieving precise control, improving ventilation efficiency, and reducing energy
consumption. However, the accuracy and reliability of sensors have a significant impact
on the control effect. Sensors need to be regularly maintained and calibrated to ensure the
accuracy of monitoring data.

(2) Traffic sensing: The traffic operation state in the tunnel is also an important refer-
ence for determining the optimal ventilation scheme. In an active control system, traffic
sensors such as loop detectors and video detectors installed in the tunnel are generally
used to monitor the traffic flow and vehicle speed in the tunnel in real-time. The pollutant
generation in the tunnel is predicted according to the changes in traffic flow and vehicle
speed, and the operating state of ventilation equipment is adjusted accordingly. Gener-
ally, the greater the traffic flow and the slower the vehicle speed, the more pollutants are
generated, and the ventilation volume needs to be increased accordingly. This method
can dynamically adjust the ventilation volume according to the changes in traffic flow,
improving the adaptability of the ventilation system. However, the relationship between
traffic flow and pollutant generation is relatively complex and is affected by various factors
such as vehicle type and vehicle operating state.

7.3. Intelligent Control

As previously mentioned, numerous factors influence the ventilation conditions inside
tunnels, including air velocity, air circulation within the tunnel, wind speed, train operating
conditions, and train pollutant emissions. These factors typically exhibit dynamic changes.
To comprehensively account for the impact of the above factors and adapt to their dynamic
variations, intelligent control is required to regulate the operation of jet fans [171]. In current
research on tunnel fire ventilation control, there are many research methods involving
intelligent control. Common ones include fuzzy control [171,172], PID control (Proportional—-
integral-derivative, PID) [173], and neural network control [174,175].
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(1) Fuzzy Control: Fuzzy control is an intelligent control method based on fuzzy logic.
It does not require the establishment of an accurate mathematical model. Instead, based
on the experience of operators and expert knowledge, it performs fuzzy processing on the
environmental parameters inside the tunnel (such as pollutant concentration, traffic flow,
wind speed, etc.) and the operating states of ventilation equipment. Then, it determines the
control strategy for the ventilation equipment through fuzzy inference rules. This control
strategy has strong robustness and adaptability, can handle complex nonlinear systems,
and can quickly respond to changes in the tunnel environment. However, the formulation
of fuzzy rules requires a large amount of experience and professional knowledge, and the
effectiveness of fuzzy control depends to a certain extent on the rationality of the fuzzy
rules. Chen et al. [176] combined fuzzy control to conduct numerical simulations of the
tunnel ventilation conditions under different train operating conditions, respectively. They
found that the simulation of the fuzzy control system can effectively adjust the pollutant
concentration. However, this method also has a certain degree of randomness and relies on
experts to construct fuzzy control rules, so it cannot achieve autonomous online learning.
When factors such as tunnel pollutants and traffic volume change, the prediction results of
the control system will have errors. Xia et al. [177] developed a model calculation program
and established a complementary ventilation operation mode. They switched different
ventilation modes according to different traffic volumes of highway tunnels, which is more
flexible and practical, reducing the energy consumption of the ventilation system and the
operating costs. Li et al. [171] introduced the combined gray system theory and fuzzy
control (Combined gray prediction fuzzy control law) in their research. Aiming at the
highly linear and uncertain characteristics of the highway tunnel ventilation system, they
proposed a prediction system response framework suitable for highway tunnel ventilation.
Through simulation and experimental research, they found that the performance of the
gray prediction fuzzy control is better, and the energy consumption is lower than that of the
traditional tunnel ventilation control methods. Yang et al. [178] applied fuzzy identification
to the longitudinal ventilation control of highway tunnels. They combined the principles
of fuzzy C-means clustering and recursive least-squares method to predict the pollutant
concentration inside the tunnel and reasonably controlled the number of fans to be turned
on based on the pollutant concentration.

(2) PID Control: In the field of tunnel ventilation control, PID control is a commonly
used and effective technical means. The PID controller calculates the control quantity
through the linear combination of three links: proportional (P), integral (I), and derivative
(D) based on the error between the set value (desired output) and the actual output value of
the system, so as to adjust the system output to make it as close as possible to the set value.
The principle and structure of the PID controller are relatively simple, easy to understand
and implement, do not require complex modeling of the system, and have strong robustness.
It is widely used in industrial control, process control and other fields, and the technology
is mature. However, the parameter tuning of this control method is difficult. Appropriate
values need to be tuned according to the specific system and operating conditions. For
complex systems, the parameter tuning process may be cumbersome, and it is difficult
to achieve the optimal effect. Moreover, it has poor adaptability to nonlinear systems.
Si et al. [179] proposed a ventilation operation control strategy based on ADRC to solve
the problems of overshoot and hysteresis in the PID control system, which improved the
working efficiency of the ventilation system. Hong et al. [178] combined the CFD model
and the PID control algorithm to automatically adjust the longitudinal ventilation speed
according to the deviation between the control point temperature and the set temperature.
They used the genetic algorithm and dimensional analysis method to obtain optimal PID
control parameters.
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(3) Neural Network Control: Neural network control utilizes the learning and adaptive
capabilities of artificial neural networks to control the tunnel ventilation system. Through
learning a large amount of historical data, the neural network can establish a complex
mapping relationship between the environmental parameters inside the tunnel and the
operating states of the ventilation equipment. Therefore, in actual operation, the neural
network can automatically adjust the operating parameters of the ventilation equipment
according to the real-time monitored environmental parameters to achieve the optimal
ventilation effect. However, the training process of the neural network is complex, requiring
a large amount of historical data and computing resources. Moreover, the design of
the network structure and the adjustment of parameters require professional knowledge
and experience. Feng et al. [99] used a high-geothermal tunnel ventilation environment
temperature prediction method that combines a convolutional neural network (CNN) and
a bidirectional long-short-term memory network (BiLSTM) to predict the future ventilation
environment temperature inside the tunnel. Sun [169] combined the unsteady flow theory
and the neural network model to propose a tunnel ventilation control method based on full-
automatic control, which achieved the effect of energy conservation and was quite practical.
Li et al. [174] trained based on the radial basis function (RBF) neural network algorithm
model, calculated and analyzed different fire scales and occurrence positions under random
operating conditions, and conducted an actual-case prediction for the project. The results
showed that the intelligent control model has a positive significance for improving the
safety of highway tunnels during the operation period. Luo et al. [146] applied intelligent
control technology to the field of tunnel construction ventilation. They combined the
augmented ZNPID algorithm to normalize the excessive pollutant concentration and found
that the above-mentioned intelligent ventilation system can significantly reduce power
consumption compared with traditional methods. Liu et al. [180] proposed an intelligent
frequency control system for tunnel ventilation based on the radial basis function neural
network and established the relationship between the operating efficiency of tunnel fans
and the tunnel environment. This system can automatically adjust the frequency of the
fans according to the construction environment inside the tunnel, effectively improving the
tunnel environment and enhancing the energy-saving effect. Wu et al. [181,182] established
a large-scale tunnel fire database, conducted numerical simulations under different fire
positions, scales, and ventilation conditions, and used artificial intelligence and deep
learning to identify the fire source, so as to predict the temperature field and the changes
in tunnel fires. Zhang et al. [183] constructed a digital twin system based on AloT for
the fire safety management of intelligent tunnels. They used an Al model trained by the
Transformer network to monitor and control real-time tunnel fire scenarios, proving the
feasibility of using a 3D environment and digital twin in real-time fire safety management.
Ma et al. [120] proposed a tunnel ventilation and heat exchange prediction framework
based on physics-informed machine learning, which accurately predicts the air humidity
and temperature at the tunnel exit by combining past real-time data and future input
information, providing a basis for efficient heat exchange in the tunnel. Li et al. [184]
studied the fire ventilation control of highway tunnels. They coupled the linear active
disturbance rejection control (LADRC) algorithm with three-dimensional CFD numerical
simulation calculations. By establishing a simulation model to control the longitudinal
ventilation speed and the back-flow length of fire smoke, they found that the LADRC
ventilation control system has a better linear control effect on the back-flow of smoke for
fires of different scales and is more stable than the PID control system.

Currently, tunnel ventilation control technology has advanced from traditional timing
and manual control to intelligent control. Sensor-based control technology is widely used,
which can adjust the ventilation in real-time according to pollutant concentration and
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traffic flow, improving accuracy and efficiency. PID control is also commonly used due to
its simple structure and strong robustness. However, the existing technologies still have
deficiencies under complex operating conditions, such as difficult parameter tuning, poor
adaptability to nonlinear systems, and some technologies relying on high-precision sensors
with high maintenance costs.

In the future, the main trends are intelligence and integration. Intelligent algorithms
(such as fuzzy control and neural network control) and Big Data analysis technology will
be deeply integrated to achieve more precise and intelligent ventilation control. At the
same time, the integration of multiple systems will be strengthened, comprehensively
considering factors such as traffic and the environment. In addition, energy conservation
and environmental protection will be emphasized, and low-energy-consumption venti-
lation equipment and control strategies will be developed to meet the requirements of
green development.

8. Conclusions

This review provides a comprehensive analysis of research related to ventilation
technologies in diesel locomotive railway tunnels. It covers the development of diesel
traction locomotives, the composition of ventilation systems, ventilation standards for
pollutants within tunnels, commonly used research methods, key factors influencing
ventilation effectiveness, and technologies employed for ventilation control. The main
conclusions are as follows:

1. Diesel locomotives are the preferred form of railway freight train traction in develop-
ing countries with weak power infrastructure, as well as in high-altitude areas and
permafrost regions. With the continuous development of these areas and the progress
of the construction technology for ultra-long, ultra-wide and deeply buried railway
tunnels, researching the ventilation issues of diesel locomotive railway tunnels is
of great value for ensuring the safe operation and emergency rescue of railways in
developing countries, high-altitude areas and permafrost regions.

2. Currently, the consideration and control requirements for pollutants in tunnels in the
regulations of various countries are becoming more comprehensive. In particular,
special attention should be paid to three pollutants: CO, NO and NO,. EU countries,
represented by the UK and France, have significantly higher control requirements for
pollutant concentrations in tunnels than other countries. In contrast, the regulatory
standards of countries such as the US and Canada are more lenient. The determination
of pollutant concentration limits in tunnels in a region should take into account the
tunnel length, the altitude of the tunnel location and the population density, as well
as the economic development status.

3. Combining multiple research methods, such as theoretical analysis, scale models, field
tests, and numerical simulations, has become a new research approach. Experience
and theories provide the basic direction and framework for conducting tests and
simulations. Field tests can determine as realistic boundary parameters as possible
for simulation analysis, while simulation analysis can reduce the trial-and-error cost
of field tests. Finally, the research results obtained based on systematic simulation
analysis and experimental verification can provide a basis for the further improvement
of ventilation theories.

4. The working efficiency of railway tunnel ventilation systems is related to the specific
concentration distribution of pollutants in the tunnel, the size parameters, ventilation
structure and ventilation equipment of the tunnel, as well as the operating conditions
of trains. Different influencing factors often jointly change the ventilation perfor-
mance through complex coupling effects. The comprehensive influence of external
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environmental conditions such as altitude, temperature and humidity, and natural
wind can be macro-embodied by the diffusion coefficient. The accurate determination
of the diffusion coefficient requires long-term on-site monitoring.

Currently, tunnel ventilation control technology has advanced from traditional timing
and manual control to intelligent control. The control technology based on sensors and
PID has been widely used but still has limitations. In the future, the main trends are
intelligence and integration. Intelligent algorithms such as fuzzy control and neural
network control will be deeply integrated to assist in obtaining more accurate and
effective monitoring data, help determine more reasonable ventilation schemes and
contribute to achieving more precise and intelligent ventilation control. At the same
time, multi-system integration will be strengthened, considering factors such as traffic
and the environment, and greater emphasis will be placed on energy conservation
and environmental protection to meet the future development needs of green and
low-carbon.

Critical research gaps persist in achieving intelligent and green-low-carbon tunnel
ventilation. A “safety—efficiency-resilience” coordinated control framework remains
underdeveloped. Current studies predominantly focus on single-objective optimiza-
tion of safety or energy efficiency, lacking integrated theoretical frameworks and
resilient design methodologies capable of maintaining system safety and energy
performance under disturbances such as equipment failures, traffic congestion, or
extreme fire scenarios.

For emission control in diesel locomotive railway tunnels, it is imperative to establish
dynamic carbon emission assessment and optimization models covering the entire
lifecycle from construction and operation to decommissioning. Such models would en-
able accurate quantification of the carbon footprint associated with various ventilation
strategies, thereby supporting evidence-based low-carbon design decisions.

A fundamental challenge in engineering applications of multi-physics real-time simu-
lation and digital twin technology lies in balancing fluid dynamics model accuracy
with computational efficiency, particularly in ultra-long tunnel scenarios. Achieving
second-level prediction and proactive control of pollutant dispersion and ventilation
response remains a critical unsolved problem.
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