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In low-energy and passive houses, about 80% of the total energy is consumed for fresh air
heating or cooling, the reason being the improved thermal insulation and air tightness of such a
building. In fact, actual trend of building construction is to keep the windows closed. A similar
situation is already encountered in some means of transportation, i. e air-conditioned trains.
Ventilation of the passenger space is assured mainly by a mechanical ventilation and, when thetrain
stops, by anatural ventilation through door opening. I n this paper we present some measur ements of
carbon dioxide concentration in a passenger railway wagon. Two types of passenger railway wagons
were monitored. The first type was an “open” wagon (having rows of seats and a central corridor
like in a passenger airliner) and the second one was a “closed” wagon (having a side corridor
connecting individual compartments along the body of the train). By monitoring the carbon dioxide
concentration it is possibleto determine if adequate fresh air is being supplied to the space wherethe
occupants have no possibility to intervene (windows being closed).
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Y OyaMHKAx 3 HU3bKHM €HEpProcloKUBAHHAM Ta MACUBHHUX OyauHkax 0au3bko 80 %
3arajibHOI eHeprii CNoKUBAETHCS MJIA MigirpiBaHHsA a00 0X0/J104KeHHS MPUILIMBHOIO NMOBITPsA
3ajie;kHO Big mopu poky. Ile 3yMoOBJIeHO mepeBa’KHO MiABUIIEHHSM PiBHS TemJoizojsauii Ta
repMeTHYHOCTi Takux OynuHkiB. HacnpaBai cydyacHi TeHaeHuii OyaiBHHITBA TaKUX CIOPYA
NOJISITal0Th Y TOMY, 1100 YyTPMMYBaTH BiKHAa 3aKpPMTHMH, MOJAK0YU HATOMICTH NMOBITps 3a
JAOTOMOT0I0 BEHTWIANIAHOro ycraTkyBanHsi. Takoio € cuTyanisga B JeKMX TPaHCHOPTHHX
3aco0ax, a caMe B IMOi31ax, AKi ocHamleHi KOHAMLIOHepoM. BeHTWIIOIOTHL MacakupcbKHi
NPOCTip MepeBa)KHO MeXaHIYHUM cHOCO00M I B MOMEHT 3YNMHKHM MOi3ia — NPHPOIHOIO
BEHTWISINIEI0 BiIKPUBAHHSIM JBepeil BaroHiB, KpiM TOro, Tam HeoOXinHo MiHimMizyBaTH
BUTOKHM TelJia. Y CTATTi HaBeeHO pe3y/1bTaTH BUMIPIOBAHb KOHIEHTPALil BYTJIeKHCJIOr0 razy
B 3aJi3HMYHHX NacakKMPChKUX BaroHax. byno mociainskeHo moBiTpsiHe cepefoBHIIe Y IBOX
THNAX 3ATIBHUYHUX MACAKUPCHLKUX BATOHIB. NMepmiuii TUN OyB “BiAKPUTUM~ BaroHoM, sikMi
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MaB JBa PsSiAd CUIAiHb 3 O00MABOX OOKIB i IEeHTpPaJLHUII KOPUIOP MK HUMHU, a JAPyrui —
“3akpuTHii” BaroH 3 OiYHUM KOPHAOPOM, IO 3’ €IHYE OKpeMi Kyle MO J0OBKHHI BaroHa.
BumMipiooun KOHIEeHTpalil0 BYIJEKHCJIOI0 ra3dy, MOKHA BH3HAYMTH, YM MOCTAYAETHCH
AOCTATHA KIJIBLKICTh NPUIIJIMBHOTO MOBITPA Y NPOCTIP, KYAH NACAKUPH He MAIOTh MOKJIMBOCTI
BrpyTuTHCs (Y BHIAAKY TOBHICTIO 3aKpUTHX BikoH). 3a pe3yjabratamu J0CHiKEHb
BHYTPIlIHHOT0 CEPEOBUINIA B MACAKUPCHKUX BaroHax, e 0yJjo BusiBjieno konmnentpauiro CO;
Ta BPaXOBYIOUM piBeHb TeMIepaTypH NMOBITPS y BaroHax, MOKHAa CTBePIKYBaTH, 10 AKICTb
NOBIiTpPs OyJia He3al0BUILHOKW. Y 000X KOHTPOJIbLOBAHUX BaroHax koHuentpamia CO, Oyia
oiabmoro, nizk 1000 ppm. IMacakupu B Kyne BaroHiB HaMarajucs MoJiMIIUTH CTAH MOBITPH,
BiIKpuBaOuM ABepi BiA Kyne /10 KOPHAOPY, HABiTh 3a paxyHOK BTpaTH npuBatHocTi. Lle
CBiTYMTH MPO Te, IO MACAKUPH BiT4yJH CHMIITOMH BTOMH Ta NOTiplIeHHS SIKOCTI MOBITPS.

Krouosi cioBa: BeHTI/lJ'IHIIiH, BI/lMiplOBaHHH, ByFJIeKI/ICJ'[I/Iﬁ ra3, macCaxkmp, BaroH.

Introduction. In modern times, humans spend most of their time in closed spaces, whether they are
buildings or means of trangport. From the energy point of view, construction is a trend for building energy-
efficient buildings [1]. Also in the means of transport is the effort to minimize heat leakage In all cases, efforts
are made to use energy efficiently. Modern buildings and vehicles are designed to provide fresh air in the
required amount and quality (temperature and humidity). In order for the ventilation system to function
according to predetermined parameters, natural ventilation is avoided. Buildings and means of transport shall be
congtructed with non-retractable windows to prevent natural ventilation [2] and thereby prevent the air-
conditioning system from malfunctioning [3]. The constructors' effort is to create an appropriate environment
for peopleto stay, which requires avery demanding activity from multiple perspectives.

The objective of air quality monitoring in two types of railway air-conditioned passenger wagons
was to obtain information about the air condition in simple spaces. From the perspective of air
conditioning, a person’s large-wagon wagon with solid windows looks like a simple building. In
monitoring air quality, we focused on the concentration of carbon dioxide, the source of which is the
persons in the wagon. The result of monitoring can provide appropriate information for air conditioning
designersin vehicles and buildings.

Materials and Methods. The carbon dioxide concentration and the indoor air temperature were
monitored in two types of air-conditioned rail passenger wagons. The first measurement was carried out in
a passenger compartment with 11 sections, each with six seats. The second measurement was carried out in
a 76-seat passenger-sized passenger car. The monitoring was in May during normal operation. The first
measurement took place in one compartment with six seats and lasted 37 minutes. The second
measurement was carried out in a passenger car and lasted for 1 hour and 47 minutes. The number of
passengers in the wagon varied during the measurement. The measurements were recorded: carbon dioxide
concentration, indoor air temperature and outdoor air temperature.

The measuring devices. During the indoor air quality monitoring, the ZG106 CO, Monitor was
used. It is a portable carbon dioxide sensor in the air with a record of measured CO, concentration and air
temperature in the internal memory. The measured values are recorded automatically after 30 minutes each
24 hours. In our case, the record was made manually every 5 minutes. The device works by the NDIR
method and is designed to measure the temperature and CO, concentration of the room. The CO,
concentration range is from 0 to 3.000 ppm. Accuracy of CO, concentration is 50 ppm. The influence of
temperature on the measurement is +2 ppm per 1 °C. The temperature range is from 0 to 50 °C. The
accuracy of the temperature measurement is +1 °C.

Characteristic of the experimental space. Indoor air quality monitoring was conducted in
two different rail wagons. The first measurement was carried out in a railway wagon for 66
passengers in a closed compartment for 6 passengers.
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Fig. 1. Sensor ZG106 CO, Monitor [4]

Fig. 2. Schematic of the seating arrangement in a rail car with a coupe[5]

At the time of the experimental measurement, the train was almost always fully occupied. In the six
local coupe there were 4 to 6 people. The heating wagon was provided with an electric heater. The interior
volume of the wagon compartment was approximatdly 11.5 m. The window in the coupe was
unpretentious.

Fig. 3. View of the wagon. Left — Section (Source: Coupé) [5];
Right — Personal Grand Prix Wagon (Author: Marek Bican (2009) [6])

The second measurement was carried out in a passenger-sized passenger car designed for 76
passengers. At the start of the experimental measurement, the wagon was fully occupied. During the
monitoring, all windows were closed in the wagon. The ventilation was provided by the ventilation and air
conditioning system. Theinterior volume of the passenger wagon was approximately 126.5 m®.
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Fig. 4. Schematic of the seat arrangement in a passenger car [7]

In both cases, it was arail wagon with its own air conditioning system to replace the worn out air and
to heat or cool it. The air capacity of the plant is 2000-2800 m®/ h[8].

Result and discussion. During the monitoring of a railway passenger car, the ZG106 CO2 Monitor
[4] measured: indoor air temperature and concentration of carbon dioxide. Outdoor air temperature and
outdoor relative humidity were determined from Weather Underground’s hydrometeorological data [9].
The weight of the persons was estimated. The data found is documented in Tables 1 and 2.
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During the monitoring of the indoor environment in the passenger compartment (coupe), the outside
was partly cloudy. By measuring carbon dioxide concentrations, it was found that when the train was in
motion, the carbon dioxide concentration was less than when the train stood at the station. The measured
minimum carbon dioxide concentration was 1160 ppm and a maximum of 1495 ppm. The average carbon
dioxide concentration was 1305 ppm, which corresponds to a value that shows signs of fatigue, decreased
concentration on exercise, and a feeling of exhaust air.

Table 1
Data found when monitoring the first closed coupe wagon
. Number 'I_'otal Alr Concentration | Outdoor air Rel_at_we
time of weight of | temperature humidity of
R . of CO; temperature L remark
(h: min) | persons | persons inthe (ppm) °0) the outside air
() (kg) coupe (°C) (%)

10:53 5 425 20.8 1380 14,0 41 closed door
11:00 5 425 22.3 1255 14,0 41 closed door
11:05 5 425 229 1280 15,0 41 closed door
11.07 4 340 231 1390 15,0 41 closed door
11:10 4 340 23.32 1400 15,0 41 closed door
11:15 4 340 23.6 1185 15,0 48 open door
11:18 5 450 23.7 1250 15,0 48 open door
11:20 6 530 238 1260 15,0 48 open door
11:24 6 530 23.9 1495 15,0 48 open door
11:30 6 530 24.0 1160 15,0 48 open door

During the monitoring of the indoor environment in the passenger car, the weather was clear outside.
By carbon dioxide measurements it was found that before the stop the air was fed at a higher speed than at
the normal train speed. 76 people were traveling in an open wagon, of which approximately 46 children
were 12 years of age.

Table2
Data found when monitoring the second open wagon
time | Number of Total weight Air temperature | Concentration of Outdoor air R_el_ative
(h: min) | persons () of persons in the coupe CO; temperature hum_ldlty_of the
(kg) 0 (ppm) O outside air (%)
17:13 76 4104 23.6 1635 21.0 32
17:20 76 4104 24.1 1680 21.0 32
17:25 76 4104 24.1 1660 21.0 43
17:30 76 4104 24.7 2210 21.0 43
17:35 76 4104 25.2 1660 22.0 43
17:40 76 4104 253 1550 22.0 31
17:45 76 4104 254 1550 22.0 31
17:50 72 3804 24.4 1500 22.0 43
17:55 72 3804 254 1635 22.0 43
18:00 74 3954 25.6 1530 21.0 43
18:05 74 3954 25.6 1530 21.0 43
18:10 74 3954 25.6 1450 21.0 43
18:15 74 3954 25.6 1205 20.0 43
18:20 74 3954 254 1140 20.0 43
18:25 74 3954 254 1175 19.0 43
18:30 74 3954 25.6 1155 19.0 43
18:45 74 3954 254 1205 19.0 43
18:50 74 3954 254 1235 19.0 43
19:00 74 3954 253 1190 19.0 43
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In the passenger car, a minimum carbon dioxide concentration of 1140 ppm and a maximum of
1660 ppm was measured over an hour and 47 minutes. The average calculated carbon dioxide
concentration was 1468 ppm, which corresponds to a value that shows signs of fatigue, decreased
concentration of activity and a feding of exhaust air.

From the collected data of the indoor environment in the monitored railway wagons, it can be stated
that in the passenger compartment the interior air temperature gradually increased. The concentration of
carbon dioxide was also increased.

Table 3
Effects of carbon dioxide concentration on human health
350400 ppm concentration in the external environment
do 1000 ppm level without an unpleasant fegling
1000-2000 ppm symptoms of fatigue and decreased concentration, feeling of exhaust air
1200-1500 ppm the recommended maximum level of CO, in indoor areas
2000-5000 ppm headache occurs
over 5000 ppm decreased concentration, fatigue, headache

The sudden drop in carbon dioxide concentration at 11:10 am was caused by opening the door to the
coupe. From the observation of the course of indoor air temperatures and carbon dioxide concentrations, it
is possible, based on experience from similar measurements, to find that people have opened the door to
the coupe due to the increasing air temperature and not because of the increase in carbon dioxide. In the
next timeframe we can see an increase in carbon dioxide concentrations even though the door from the
coupe to the corridor has been constantly open. It can be assumed that if the door was continuously closed
to the coupe, the carbon dioxide concentration would reach much higher values.
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Fig. 5. The measured indoor concentration of carbon dioxide

In the passenger car, all seats were occupied. There were 76 people in the wagon, of which 46 were
children. The children sat together in one half of the wagon. In the second half of the wagon were adults
and children. At the beginning of the measurement, the device was placed in the first half of the wagon
between the children. At 11:25 am the device was moved to the second half of the wagon between adults.
The air temperature in the wagon was approximately constant (about 25.5 °C). In the first 60 minutes of
monitoring, the carbon dioxide concentration averaged 1633 ppm. In the next 47 minutes, the
concentration dropped to an average of 1186 ppm. The decrease in the concentration was due to decreased
activity of the children. It is known that increased activity (interview, games, etc.) also increases the
production of carbon dioxide.
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Fig. 6. The measured indoor air temperature

According to the manufacturer’s technical parameters of the ventilation device [8], the volume flow
rate for the passenger compartment is approximately 2000 m*h. If the given value is determined by the
number of seats in the wagon, it is 30.3 m¥/h per person. If fresh air at 30 m*h per person was supplied to
the individual compartments, a given amount of air would be sufficient to provide the required air quality
with a carbon dioxide concentration of about 1000 ppm. However, if circulating worn air is mixed into the
fresh air, it can be assumed that a given amount of air will be insufficient in terms of CO, concentration.
Similarly, for the passenger large-wagon according to [8], the volume flow is approximately 2800 m*/h. If
this valueis determined by the number of seats in the wagon, it is 36.8 m*h per person.

Conclusion. From the monitoring of the indoor environment in the passenger rail car, when the CO,
concentration and the indoor air temperature were detected, it can be stated that the air condition was
inadequate. In both monitored wagons, the CO, concentration was greater than 1000 ppm. In the passenger
wagon with sections, the average CO, concentration was 1305 ppm and the average air temperature was
23.1 °C.In the passenger car, the average CO, concentration was 1468 ppm and the average air
temperature was 25 °C. Passengers in the passenger compartment were trying to improve the air condition
by opening doors from the coupe to the alley, even at the cost of loss of privacy, which suggests that
passengers experienced symptoms of fatigue and deterioration in air quality.
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