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The detection and measurement of gas levels have become very important in both domestic and industrial
fields. This is a result of the realization that certain gases are toxic and may have a harmful or even lethal
effect on humans (and/or the environment), depending on exposure time or concentration. For this reason,
gas sensors play a crucial role, especially in industries, where they help to prevent risks by detecting and
measuring the presence of harmful gases in the workers’ environment. There is a wide variety of sensors and
techniques used to detect gases and determine their characteristics. The case study presented in this paper
analyzes the presence of gases in a train hangar. Using a range of low-cost sensors, it is possible to measure
the concentration of different gases over time and identify the moments where these concentrations are higher.
In this study, it has been determined that these periods are usually related to moments when maintenance
works are taking place in the hangar and their relationship with the measurements of a high-accuracy CO2
sensor. Detecting and predicting when these events take place allows to alert employees in case gas levels are
considered dangerous for human health, or to take different actions to counteract this threat. An analysis of
how to improve the energetic efficiency of the hangar is also carried out, estimating the losses caused by an
inefficient ventilation system. Finally, some ideas are given to help improve the well-being of the workers,
and also reduce energy costs.

1. Introduction and motivation

The field of gas sensing has experienced vast advances in recent
decades. Sensors are now being used for multiple purposes, such as
monitoring air quality in smart cities or in indoor spaces. Measuring air
parameters in the natural environment or in industrial settings allows
to detect the level of pollution and its effect on people. This is important
as certain gases can be harmful to human health in both the short and
long terms; it may even be fatal if the concentrations are very high.
Frequent processes in industrial environments, such as combustion, are
associated with the emission of different gases. Therefore, the ability to
quantify, monitor, and even predict the levels of concentration of these
substances in the air is very important and expensive.

Currently, there is a wide variety of sensors which operate differ-
ently and may be applied in a variety of scenarios depending on their
features, therefore, it is necessary to choose the most suitable one for
the circumstances in which the measurement is to be made.

After numerous studies, [1] it has been concluded that nanoma-
terials are highly suitable for use in sensing due to their diverse
properties [2], concretely, the peculiar structure of graphene means
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that it has an ultra-sensitive response to the gas under study [3].
Metal oxide nanowires (MONWs) detect low levels of harmful gases
such as NOx, COx, NH;, CH,, H,S, SO,, however, they are only able
to effectively detect those gases when working at high temperatures.
These sensors can be made up of metal oxides (MOS), such as ZnO [4],
Fe,0; [5], NiO [6], SnO, [7]. Those are the most common compounds,
and they are often present in studies on oxygen-containing gases.
Specifically, the sensors used in the case study (MQ2, MQ5, MQ7,
MQ135) are based on the use of SnO, MOS for the measurement of
combustible gases and fumes, CH4,CO, and NOx. Ionization sensors
measure the characteristics of the sample once it has been ionized [8,9].
They work on the assumption that all gases under study will eventually
be ionized when the appropriate voltage is applied. These detectors
are used to measure NH;,CO,,N,, O,, He, etc. Non-dispersive infrared
(NDIR) sensors are very popular, due to their high accuracy, stability,
selectivity and good detection limit. This claim of sensors is used
to detect gases based on their characteristic absorption of infrared
radiation at specific wavelengths. NDIR sensors use an infrared source,
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a detector, and an optical filter to measure the concentration of a
specific gas in the air. The technique is based on the fact that different
gases have different absorption spectra in the infrared region of the
electromagnetic spectrum. These sensors allow for the study of a par-
ticular gas without interference due to the presence of other gases. This
type of sensor has been used for the measurement of CO, (MH-Z16) in
the case study conducted as part of this research.

As mentioned above, gas level measurement is highly important
nowadays and this is also reflected in the large body of studies in this
field. Apart from the studies carried out in industrial environments,
similar to the case study in question, air quality studies on gases
concentration have also been carried out in a wide range of contexts.

Countless studies have been conducted for the measurement of
indoor air quality. In the current context, this is of even greater
importance, as poor indoor air quality indicates a propensity for the
transmission of diseases such as Covid-19. This is the case of the
analysis of indoor air quality in which data were collected from two
hospitals and a primary care center in Portugal [10]. Temperature, rel-
ative humidity, CO, concentrations, bacteria, and fungi were measured
and analyzed. Another study of interest is the one conducted in the
gymnasium of a U.S. elementary school [11] where measurements were
taken of temperature, CO,, and relative humidity of indoor and outdoor
air. A similar study is one in which indoor air temperature, relative
humidity, and CO2 were monitored in different classrooms in a Polish
university [12].

Moreover, case studies carried out in industrial environments have
been analyzed, where harmful gases were present as a consequence
of the activity being carried out there. These case studies are of great
interest because they are similar to the research presented in this paper.
The first of these is a study conducted at two workshops that logistically
support offshore oil stations [13]. The case study pursued a monitor-
ing and visualization approach to facilitate BigData decision-making
for health and safety. Measurements of CO,, relative humidity, and
temperature were taken. Indoor air quality assessment in the refinery
industry [14] is similar to the case study conducted as part of this
research. The study examined chemical parameters, such as Respirable
Suspended Particulate Matter (RSP), or the presence of different gases:
CO, CO,, TVOC, HCHO. Temperature, humidity, and air velocity had
also been measured. The study took place in Port Klang, Malaysia, a
major shipping hub. Furthermore, a project to monitor air quality was
developed in a local palm oil mill factory located in Malaysia [15].
Palm oil mills are known to emit smoke and CO from the boiler, so
it is important to measure the concentration of CO in the air. Finally,
a study of indoor air quality was developed at a plastic factory in
Garri, Sudan [16]. Nine parameters, such as CO,NO,, CO,, SO,, TVOCs,
PM2.5, RH, Noise, and light were detected.

The relationship between indoor air quality and the spread of Covid-
19 is a matter that has also been studied, as it has great relevance in
today’s world. A study developed in Bangkok Metropolitan Area [17]
has shown that parameters such as temperature or humidity are posi-
tively associated with Covid-19 cases, while gas concentrations, such as
CO,NO,, SO, or Os, along with other parameters, such as PM10, PM2.5,
and AQ)], are negatively associated with Covid-19, so it is likely that the
spread of Covid-19 is enhanced at facilities where these concentrations
are especially high [18]. A similar research was developed in the City of
Buenos Aires [19], concluding that exposure to air pollution was highly
related with the risk of Covid-19 transmission and death.

The motivation behind this study is to measure and assess different
parameters of interest within a train hangar. On the basis of the
obtained results, it can be determined whether the facilities should be
improved to increase energy efficiency. The severity of the damage
caused by human-induced climate change depends not only on the
magnitude of the change but also on the possibility of irreversibility.
CO, emissions are therefore the greatest environmental concern and
their capture is critical to reducing the effects of the greenhouse effect.
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Various agencies are urging emission reductions. The emission reduc-
tion targets set by the European Union for 2030 are to reduce emissions
by 40% compared to 1990 and to improve energy efficiency by 27%.
The Route established by the European Commission in Horizon 2050
aims to lower emissions to 80%, below 1990 levels and prevent the
global temperature increase from exceeding 1.5 °C.

A series of modules have been distributed throughout the hangar
to measure the fundamental parameters to be audited. The hangar is
intended for the maintenance of commuter vehicles and locomotives.
For this purpose, different certified sensors and communication mod-
ules have been used to quantify the levels of polluting gases (CO,, NOx,
etc.) as well as other parameters that are relevant for comfort, using the
latest technologies available in sensorization and control.

This research article is organized as follows: Section 2 presents an
overview of the details of the experiment, the methodology followed
throughout the research and a review of different case studies which
are similar to the one carried out as part of this research, whereas
Section 3 details experimental results. The results of the case study
are discussed and it is compared with other state-of-the-art studies in
Section 4. Finally, in the last section, conclusions are drawn and future
improvements are considered.

2. Details of the experiment

A train hangar is a place where pollution is frequent: many mainte-
nance activities take place there. In addition to the pollution produced
by trains, maintenance activities often result in a high concentration of
harmful pollutants. Considering the hangar is a closed space, workers
who work inside the hangar are highly exposed to dangerous gases such
as CO. Following an extensive review of the state of the art in this
sector, this study has been conducted to evaluate the risks associated
with daily exposure to these substances. 16 multi-sensor devices have
been deployed, which communicate by radio frequency protocol. They
are capable of monitoring the hangar’s condition. The system is able
to give recommendations to activate forced ventilation of the area, and
also alert of possible risks that workers may be exposed to. The final
objective of the proposed solution is to improve the health conditions
in these environments.

In this paper, a complete study of gas concentration levels has been
carried out. Moreover, different environmental values have been moni-
tored (temperature, pressure, and humidity) in a train hangar. For this
purpose, a total of 16 sensor nodes have been distributed throughout
the facility at different heights, and data have been collected contin-
uously over a total of 23 days. CO, concentration has been analyzed
in great detail, since it have been used as the main indicator of the
quality of air, and the sensor used for measuring CO, has the highest
accuracy among all the sensors used in this research. This is because
the other sensors are low-cost, which has been useful when quantifying
concentration variation, but they are not very reliable if precise gas
concentration values are required. Moreover, the relationship between
the concentration levels of the other gases has been examined to
understand the extent to which the presence of one gas affects the
others. Using this data it has been possible to observe that moments
of high gas concentration always occurred during maintenance work
inside the hangar. Thus, moments when maintenance work was being
carried out in the hangar have been of interest to this study, as high
gas concentration levels may strongly affect the health of workers.

Conclusions have also been inferred from the recorded temperature
values and gas measurements, as one of the main objectives was also
to conduct a study on energy efficiency. A series of solutions are
suggested to improve the ventilation of the facility and reduce energy
waste, including the possibility of directly implementing a system of
gas extraction.
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2.1. Hygiene, health and maximum exposure values

2.1.1. Pollutants

Many pollutants that are harmful to health may be found in the
air: aerosols, dust, mists, smoke, etc. When determining the health
risk factors associated with exposure to different pollutants, multiple
factors may converge: the concentration of the pollutant, the time of
exposure to this agent, the health condition of each individual, or the
presence of several pollutants at the same time [20]. Let us look at the
characteristics and the effects of some of the most common gases in
daily life in more detail. Carbon dioxide is a colorless and odorless gas
that is heavier than oxygen, which enables it to displace oxygen and
cause the concentration of CO, to increase. Unlike some of the other
gases described below, CO, plays a big role in creating the greenhouse
effect. As human respiration generates CO,, the concentration of CO,
is often considered an indicator of air quality. Carbon monoxide is a
colorless, odorless, and tasteless gas, somewhat less dense than air,
so it diffuses rapidly. CO poisoning is rare, making it difficult to
identify and diagnose. The major source of CO poisoning comes from
automotive exhaust [21]. Nitrogen oxides, specifically N,O, are widely
used in the healthcare setting for their anesthetic effect and have
been found to cause miscarriages in women who have had high and
prolonged exposure to these compounds [22]. Methane is a component
of natural gas, and although under normal conditions it is not harmful,
in high concentrations it can reduce oxygen concentration and cause
suffocation.

2.1.2. Exposure limits

To quantify human exposure to these gases, a series of variables
have been defined to indicate whether the presence of these gases in
a given room creates a risk, as shown in Table 1 below. Thus, the
Ceiling Value (TLV-C) is the concentration that must not be exceeded
at any time, ensuring that there is no risk of intoxication. In practice, if
instantaneous monitoring is not feasible, it can be assessed by sampling
every 15 min, except for substances that may cause immediate irritation
during brief exposures. For the daily exposure limit, average values
have been calculated from a total period of 8 h of exposure. These
values are generally referred to as DE (Daily Exposure) and SE (Short
Exposure), which may be expressed either in ppm or in densities
(mg/mé).

Since 1999 the National Institute for Safety and Hygiene at Work
has been issuing a publication on occupational exposure limits for
chemical agents. The National Commission for Safety and Health at
Work has agreed to recommend that the exposure limits indicated in
the INSHT guide entitled “Document on occupational exposure limits
for chemical agents in Spain” be applied in workplaces and that their
application be carried out according to the criteria established in that
document. An updated document for 2021 is available: INSST (2021)
Occupational Exposure Limits for Chemical Agents in Spain 2021, from
which the following have been obtained, as shown in Table 2.

CO, is of special interest, because as previously mentioned, it is an
important indicator of the quality of the air we breathe. Moreover, its
levels indicate whether a room is well ventilated or not, so that we
know if the environment is prone to virus transmission, as in the case of
Covid-19. The occupational exposure limit value (LEP-VLA) of INSHT
for daily exposures of 8 h is 5000 ppm with a limit value for short
exposures of 15 min at 15,000 ppm. The UNE 100-011-91 standard as
shown in Table 2 recommends a maximum concentration of 1000 ppm
(parts per million) in indoor environments. Some agencies propose tak-
ing concentration measurements, suggesting that from a concentration
of 800 ppm onwards, a review of the ventilation operation should be
carried out.
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Table 1
Exposure limits for different gases.

Gas Formula Daily Exposure Short Exposure
ppm mg/m? ppm mg/m?

Nitrogen monoxide NO 2 2,5

Nitrogen dioxide NO, 0,5 0,96 1 1,91

Sulfur dioxide SO, 0,5 1,32 1 2,64

Carbon monoxide CcOo 20 23 100 117

Carbon dioxide CO, 5000 9150

Ammonia NH; 20 14 50 36

Methane CH, 1000

Chlorine Cl 0,5 1,5

Chlorine dioxide ClO, 0,1 0,28 0,3 0,84

Lead Pb 0,15

Cyanides of: Ca,H,K, Na 1

Sulfhidric acid H,S 5 7 10 14

Ozone (light duty) O, 0,1 0,2

2.2. Data acquisition system

2.2.1. Sensing modules

To carry out the study, a system of 16 wireless sensor modules has
been developed, which were placed at different points of the hangar,
as shown in Fig. 1. It was decided to place them at different heights in
order to measure the entire interior volume of the building. A receiver
module, located in the offices on the side of the building, with access
to the internet network, acts as a gateway for transmitting the data
collected by each of the sensors to a visualization platform such as
Thingsboard.

2.2.2. Architecture

Due to the characteristics of the hangar’s interior area, it has been
decided to use a long-range IEEE 802.15.4 wireless communication
standard (LoRa). The master-slave paradigm has been chosen, where
the receiver plays the role of master and the transmitter modules are
the slaves. The Fig. 2 shows the scheme of the architecture used in the
project.

The transmitter modules, located at different points in the build-
ing, send data of different environmental parameters (temperature,
humidity, pressure, air quality and various gases) to a concentrator
device, which acts as an RF gateway. This gateway is responsible for
managing the incoming information through a Python program. To
ensure data persistence, a local database is located on the Raspberry
Pi, and an external server with RAID 6 hard disks, which guarantees
data preservation in the event of a catastrophic failure. In parallel,
a connection to the Thingsboard client is used through an MQTT
messaging protocol, based on a publish/subscribe model, where the
device publishes messages to a specific topic.

2.2.3. Gas sensing transmitter modules

The sensor modules have been developed using modular designs (as
a “shield”). In this way, they can be used in other researches and the
PCB with the RF module can be used for both the transmitter modules
and the receiver module (Radio Frequency Gateway). The following
Fig. 3 shows a diagram with the electronic architecture of the device,
showing 3 different PCBs that are connected together as a sandwich.

» The first PCB is the power shield. It has a connector for an
external 5 V and 10 W power supply, with which the circuit is
powered. An LDO voltage regulator is used to provide an output
voltage of 3.3 V from an input voltage of 5 V. This regulator is
needed to power electronic components such as the microcon-
troller and the BME680 sensor (both components are explained
below).
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Table 2
Air quality depending on CO, concentration.
Concentration Air quality Color
Below 350 ppm High air quality -
Between 350 and 500 ppm Good air quality
Between 500 and 800 ppm Moderate air quality
Between 800 and 1200 ppm Low air quality
Above 1200 ppm Low air quality
Above 5000 ppm Very low air quality
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11 i3 —B8 7
o
. ))) 6 13 e
o o i — | -
12 19
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Fig. 1. Sensor distribution.

» The second PCB is the control and RF shield. The main compo-
nent of this board is the CC1352R MCU, from the Texas Instru-
ments manufacturer. This microcontroller is based on the 32-bit
ARM Cortex-MA4F architecture and incorporates a sub-1 GHz and
2.4 GHz multiprotocol RF module. The design incorporates a
dual-band PCB antenna capable of operating at 868 MHz and
2.44 GHz. Finally, the FT230XQ-R integrated has been used as
a “USB to UART” interface; and a micro USB connector, with
which to transmit data via USB to external equipment. These last
components are only assembled in the RF concentrator version.
The third PCB is the gas sensor shield. This PCB has the necessary
sensors to measure the parameters required in this research. The
sensing module measures carbon monoxide CO (MQ?7), carbon
dioxide CO2 (MH-Z16), methane CH4 (MQ5), nitric oxide NOx
(MQ135) and combustible gases and fumes (MQ2). It also inte-
grates BME680, which measures temperature, humidity, pressure
and air quality. The BME680 and MH-Z16 sensors transmit data
to the microcontroller via serial communications (I2C and UART,
respectively), while the MQ sensors have an analog output, which
can be interpreted by the microcontroller’s 12-bit ADC.

The performance of the gas meter module has been designed in
such a way that the data, captured by the sensors and interpreted by
the microcontroller, is sent wirelessly using the TI SimpleLink Sub-
1GHz protocol on the public European frequency band of 868 MHz.
The choice of this type of frequency allows the signal to be transmitted
over long distances with greater wall penetration than a signal at higher
frequencies. The gas measurement is carried out periodically every
3-5 min. For this, a rigorous method of data collection, verification
and transmission is followed. The integrity of the data is thoroughly
checked at each transmission, repeating the communication in case of
inconsistency.

The transmitted data are received by an RF gateway, which is the
device in charge of managing them.

2.2.4. Sensor calibration

In the case of CO,, the MH-Z16 sensor is used, due to its main char-
acteristics: high sensitivity and resolution, low power consumption, fast
response, long life, etc. Additionally, the sensor is highly accurate and
stable, which is important for long-term monitoring of CO, concentra-
tions. It operates by emitting infrared radiation at a specific wavelength
that is absorbed by CO, molecules, causing a reduction in the intensity
of the radiation. The sensor then detects the remaining radiation and
uses this information to determine the concentration of CO, in the air.
Each sensor is factory calibrated, but for this calibration to be reliable
it is necessary to keep the sensor on and reset it periodically, to prevent
it from calibrating automatically in a contaminated environment since
this behavior cannot be changed. The restart is completed in less than
3 seconds, which prevents the sensor from needing to warm up again
to provide reliable results. It only requires 3 min of activity to provide
valid readings. The calibration is valid for the first 6 months, so we can
guarantee that during this test only valid data have been obtained.

Other gases (CO, CH4, NOx...) are measured with low cost sensors of
the MQ family. To ensure maximum lifetime, these devices have been
subjected to a 24-h carbonization period without interruption. Once
this period is over, the sensors are ready for use.

2.2.5. RF gateway

An RF gateway is a device used to connect wireless communications
networks to an Ethernet or WiFi network, allowing wireless devices
to access a longer-range network and the internet. It acts as an in-
termediary between the wireless devices and the network to which
they are connected, receiving information from the wireless devices
and transmitting it across the network for processing and storage. The
gateway is composed of an RF concentrator and a Raspberry Pi-based
processing module, as shown in Fig. 4:
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» The RF concentrator is the device responsible for receiving signals
from various wireless devices and concentrating them into a
single signal for transmission over a network. For this purpose,
the RF and control shield, described above, are used, with all elec-
tronic components soldered together. The data received through
the wireless module of the CC1352R microcontroller is redirected
to the Raspberry Pi via USB serial communication.

The processing module makes use of a Raspberry Pi, which is
a complete computer with a processor, memory, storage and
connectivity, but in a very compact and inexpensive form factor.
It is responsible for managing the data coming from the RF
concentrator (via USB cable) and transmitting it to the network
via an Ethernet cable or a WiFi connection.

The code developed for data management consists of two main
threads: one for reading and one for sending. Fig. 5 shows a schematic
of the data processing.

The reading thread is in charge of receiving serial data, although
it is developed to receive data from other sources. These data are
analyzed and, in case they are consistent, they are stored in a FIFO
queue. A second thread takes the data from the queue, in order of

arrival, and transmits it to two destinations: an external data server,
which robustly guarantees data stability; and the IoT Thingsboard
platform, where it is collected, processed and visualized.

In order to be able to use the system in cases where we have train
hangars in remote regions with less connectivity. There are different
commercial solutions based on radio frequency and satellite connec-
tivity that offer global coverage all over the world. Two examples
are Lacuna and EchoStar. Both use the LoRaWAN protocol with a
frequency of 868 Mhz in the case of Lacuna and 2.1 Ghz in the case
of EchoStar, which allows the collected information to be sent with
minimal consumption.

2.2.6. Dashboard

The Thingsboard environment offers real-time monitoring that im-
proves decision-making by providing graphs that the user can adapt,
depending on the periods being analyzed. It also offers basic statistical
data such as averages and threshold values. This type of data visual-
ization contributes to faster decision-making, which in turn reduces
operating costs by improving business logic, eliminating unnecessary
costs, and optimizing others. The following diagrams show the CO,
data collected by six different nodes during the same period (Fig. 6).
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3. Experimental results

In total, data has been collected for a total of 23 days. The dates
on which the facility has been monitored range from 10/12/2019 to
23/12/2019 and from 2/01/2020 to 12/01/2020. The data collected
by each of the modules were sent to the receiver module every 30
seconds, which in turn sent the data to the database. A total of 900,000
data have been collected during the period that the hangar has been
monitored.

3.1. CO,

The maximum value reached for CO, is 5279 ppm. Concerning the
air quality intervals seen previously, this value shows that the air in the
hangar is very poor, at this level it is very harmful to humans.

3.1.1. Maximum values per node for CO,

The following Fig. 7 shows the maximum values reached by each
node. All of them, except node 3, exceed the limit of 1000 ppm estab-
lished in the NTP 549 standard. Many of the nodes have maximums
close to, or even exceeding, the value of 5000 ppm, which shows very
poor air quality.

3.1.2. Average values per node for CO,

The absolute average for all measurements of CO, is 449,39 ppm.
The following graph Fig. 8 shows the total average CO, per node. Al-
though train maintenance work is not always performed, it is significant
that many averages exceed 600 ppm. For CO, values above 600 ppm,
the NTP 549 standard states “the most sensitive individuals already
manifest complaints and discomfort”.

3.1.3. Values in maintenance per node for CO,

The absolute average in maintenance for CO, is 682,97 ppm. Ac-
cording to the collected data, the CO, averages in ppm have been
calculated for the moments after train maintenance, Fig. 9. These
moments are the ones we are most interested in because they discard
the values of the moments when the hangar is without any activity.

The averages per node in the hours after maintenance reveal a
low air quality, as mentioned above, according to NTP 549, the most
sensitive individuals suffer from CO, concentrations above 600 ppm.

3.1.4. Daily average of CO, in maintenance

The table below, (Fig. 10) shows the daily average of CO, when
there is maintenance work. We observe that the average CO, is very
high on most days. On many days average air quality was low or mod-
erate. In some cases, the average air quality was very low. The number
of days that exceed 600 ppm on average is very high. As mentioned
earlier, the NTP 459 standard indicates that above 600 ppm the most
sensitive individuals are impacted. Similarly, prolonged exposure to
these levels can cause long-term respiratory problems.
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3.2. Other pollutants

The presence of others gases that are harmful to health is also
analyzed, most of them come from the exhaust of a diesel cycle inter-
nal combustion engine. Despite the complex amalgam of compounds

4 5 6 7 8 9 10 11 12 13 15 16 18 19

Fig. 9. Maintenance average per node for CO,.

Node6  Node7 Node8 NodeS Node10 Node 11 Node12 Node 13 Node 15

Fig. 10. Daily average of CO, in maintenance (in ppm).

Node 16 Node 18  Node 19

produced because of combustion, this study presents the behavior of
the most relevant ones: carbon dioxide (CO,), carbon monoxide (CO),

nitrogen oxides (mostly NO,), and low molecular weight organic com-
pounds, usually aromatic compounds such as toluene or naphthalene or
short-chain hydrocarbons such as methane, ethane, propane or butane
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(LPG). Previously we have seen the exposure limits associated with car-
bon monoxide, CO, or nitrogen dioxide, NO,. However, for polycyclic
aromatic hydrocarbons, no threshold level can be determined since all
indoor exposures are considered health-relevant.

+ Explanation of gas dynamics
The different densities of the gases in the study explain the
dynamics observed in the compared measurements, highlighting
that some gases take the place of others, thus, denser gases
displace heavier ones and vice versa, and these dynamics are
observable as a function of the distance to the ground of the
sensor. Table 3 shows the densities of each of the gases:
Case 1: 09-12-2019 (Fig. 11)
Case 2: 17/12/19 - 18/12/19 (Fig. 12)
In cases 1 and 2 it can be seen how carbon monoxide, which
is lighter than the rest of the gases, occupies the space causing
the rest of the readings to decrease when it is present. Therefore,

this reading has been taken by a sensor located at a high altitude,
otherwise, the dynamic would be just the opposite.

Case 3: 09/12/19 (Fig. 13)

In case studies 3 and 4 what we try to show is the correlation
of the measurements with the time instant in which they are
displayed. Here we can see how the appearance of the CO,
peaks took place earlier than the appearance of the other peaks
in the rest of the sensors. This is because the MH-Z16 sensor
uses the non-dispersive infrared principle, and this allows an
almost instantaneous response time (less than 10 seconds from the
appearance of the gas in the vicinity of the sensor) as opposed to
the MQ family of sensors in which the gas causes an electrolytic
reaction inside the sensor.

Case 4: 13/12/19 (Fig. 14)

BME Analysis Temperature, Humidity and Pressure.

First, temperature for Node 10, located on the roof, was analyzed.
Fig. 15 the maximum temperature measured was 21.97 °C, while
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the minimum was 12.69 °C and the average temperature was
18.47 °C.

Now temperature for Node 13, located on the floor, was analyzed.
Fig. 16 the maximum temperature measured was 21.69 °C, while
the minimum was 15.51 °C and the average temperature was
19.75 °C.

As it can be seen in the graphs, the measured temperature has
large variations within the same day. These are due to the opening

11

of the gates to bring the trains into the facilities. As it is a manual
opening system, the operators do not close the gates instantly
when all the carriages are inside, but on many occasions, they
forget to close them until some time has passed. This results in
a very inefficient heating system, reducing the temperature by
up to 5 °C in only 30 min. Therefore, a system of automatic
opening and closing of the gates is recommended to increase the
efficiency of the heating system. This would result in savings in
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heating costs. What is also interesting about the incredible drop
in temperature during gate opening periods is the energy cost to
increase it again. If we consider that the enclosure has 16,000 m3,
that the air weighs 1.205 (kg/m)f’; and that 1000 calories (1.2
W) are needed to increase by 1 °C the temperature of 1 kg of
air, 23 KW would be needed to increase the air at the facility by
1 °C. Every time the doors remain open, all the energy is lost in
the form of heat produced by the boiler and accumulated inside
the building, plus the energy dissipated by the heating system
at that moment. This dynamic is complex to model and costly
to simulate, but according to the data obtained from this study,
which shows how the surface temperature of the floors dropped,

12

the habit of keeping the doors open may be responsible for 80%
of the current energy consumed on heating.

Humidity

The following graph shows the values of humidity inside the
hangar during an entire day. The first one is for a sensor located
at the roof (Node 10, Fig. 17), while the second one corresponds
to a sensor located on the floor (Node 13, Fig. 18).

As it can be seen in the humidity graphs, these are related to the
temperature graphs and show that when the doors are opened,
air enters from outside, and the humidity inside the facilities
increases. Figs. 19, 20 provide a comparison of the temperature
vs. humidity graphs for the same period, which shows:
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Table 3

Density of different gases.
Gas Density Sensor
Air 1.225 kg/m’ -
Co, 1.976 kg/m? MH-16
Cco 1.140 kg/m’ MQ7
NO, 1.450 kg/m’ MQ135
Methane* 1.282 kg/m’ MQ5
Smokes Depends on the temperature MQ2

* Pressure

In terms of pressure, there is no relevant data to comment on
(Figs. 21, 22). The pressure at ground level and roof level does
not vary at all.

4. Discussion

Other studies had already considered the measurement of air quality
and gas monitoring, such as CO, analysis of indoor air quality by
collecting and analyzing data from two hospitals [10], measurements
of CO,, relative humidity, and temperature at offshore oil stations [13]
or indoor air quality assessment in the refinery industry [14]. However,
what differentiates our study is that a network of monitoring devices
had been deployed to analyze the conditions in the hangar in real-
time. Moreover, it has been possible to analyze what implications each
of the monitored parameters had for health and hygiene in industrial
environments, considering gases individually and when combined.

The measurements that appear in this document show that during
maintenance periods, in which the diesel engines of the locomotive
wagons are in operation, the CO, measurements are in values are at the
limit (either almost reaching the limit or surpassing it). There have been
multiple readings which reached five times the admissible threshold
for significant periods of time. Given the limited operational capacity
of the carbon monoxide, organic gases, and nitrogen oxide sensors,
it has been possible to determine from the dynamic of the masses
of gases that alter the measurements of neighboring sensors, that the
quantities of these toxic gases are significant enough to require a more
extensive study, which would require sensors of moderate cost and
high precision. Given the strict admissible limit for the CO molecule

13

and nitrogen oxides, it is evident that these limits are widely exceeded,
but it is impossible to determine the exact amount. Also, due to their
toxicity, a second study with a larger budget for sensing is strongly
recommended. Despite being of special relevance to the combustion
product of diesel cycle engines, the analysis of PM 25 particles and
smaller has not been contemplated in this study because it was not
included in the initial requirements elicitation by the client. Given
that these particles are hazardous to health, as they are deposited at
the bottom of the lungs and can even pass into the blood, it would
be crucial for a future investigation to focus on air quality and the
healthiness of maintenance facilities.

Given the obtained temperature values, it is possible to calculate
the amount of energy and the cost of ventilating the facilities either
by using forced ventilation to eliminate environmental pollution or
by the loss of hot air masses when the hangar doors are opened to
introduce machinery. For these calculations, an estimated air volume
of 16,000 m* and a temperature difference of 5 degrees on average
have been used. The cost of increasing the ambient temperature of
the facility by 5 °C after the gates had been opened amounted to 27
KWh. If we consider that on average the gates are opened 6 times, and
the efficiency of the boiler, pipes, and installations is, optimistically, at
60%, then 11.78 KWh/kg of diesel is consumed and the price of diesel
in Spain on 09/01/2023 is at 1.77€. Thus, the total cost amounts to
40.36€ per day. For a period of normal heating operation of 6 months
a year (at this location the operation always lasts at least 8 months)
annual spending on diesel oil heating caused by the process of opening
and closing the gates would amount to 7183€.

The energy dissipated through the walls, roof, and pipes that do
not have appropriate insulation should be added into the calculation,
however it has not been measured in this study, as the efficiency of
the heating system has only been determined by measuring data on
how many of the generated calories were kept as heat within the
facilities and how many were lost in the process. However, despite the
complexity of modeling and simulating such a system, we estimate that
8 out of the 10 kilowatts used by the HVAC system were lost due to the
inefficient use of the facility’s dampers and ventilation system.

5. Conclusions and future improvements

The main objective of this report was to assess air quality in a train
hangar, measuring different parameters such as CO,, fumes, CH4, CO,
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and NOx concentration, pressure, temperature, or humidity. The sys-
tem designed for this purpose was successfully implemented, providing
numerous measurements that were later analyzed to find out whether
the conditions inside the hangar were acceptable according to different
legislation.

In terms of occupational health and environmental impact, given
the results obtained in this report, it is suggested to implement a gas
extraction system that would maintain the energy efficiency of the
facilities and even improve it by eliminating the need for ventilation.
At the same time, health risks associated with exposure to diesel
combustion products would be eliminated, which would significantly
improve the health of all the workers near or inside the hangars. The
objective of the study is the use of low-cost sensors for air quality
measurement and hazardous gas detection. Normally these sensors
tend to have a very high price that makes their use inaccessible for
an adequate measurement in industrial environments. Thanks to this

14

study, a window is opened to the use of low-cost sensors for air quality
measurement and hazardous gas detection.

Also, a CO, capture system that would reduce the environmen-
tal footprint to values close to zero in maintenance work could be
implemented. As it has been described, CO, is the main pollutant
in the air, so air quality would improve significantly just with the
implementation of this system. The environmental impact of the hangar
could be studied by measuring and comparing environmental values in
the vicinity of the hangar with those from areas that are not exposed
to this source of pollution, so it can be determined whether the hangar
is polluting the surrounding areas.

In conclusion, the study presented in this paper highlights the
importance of gas sensors in detecting and measuring the presence of
harmful gases in the workplace. The use of low-cost sensors provides
a cost-effective solution for continuous monitoring, allowing for the
detection of peak periods of gas concentration. The analysis of gas



S. Mdrquez-Sdnchez et al.

Node 13
P (mmHg)
929

Ad Hoc Networks 148 (2023) 103205

928

97

923

04:00

= BME-680 Pressure

0g:00

16:00 20:00

Fig. 22. Pressure for Node 13.

levels in a train hangar, combined with the study of the ventilation
system, has provided valuable information for the optimization of the
energy efficiency of the workplace, reducing both energy costs and
the impact on the environment. Furthermore, suggestions are given
to improve the well-being of workers, ultimately creating a safer and
healthier work environment. This study demonstrates the potential of
gas sensors in improving safety, efficiency, and worker comfort in
industrial environments.

Finally, a further study could be carried out to measure the extent
of damage to the health of workers, by doing surveys and medically
examining all the employees that are working in this hangar, determin-
ing whether they have experienced any health problems (respiratory
difficulties, dizziness, etc.) in the workspace, and learn about their
perception of this matter.
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