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Abstract: Gers, which are traditional mobile tents used by nomadic society of Mongolia, are
currently used for urban habitats, and pollutants emitted from coal stoves used in urban gers are one
of the major causes of air pollution in Ulaanbaatar in winter. Replacing coal stoves with low-emission
heating devices in ger housing is, therefore, a pressing issue. Nevertheless, fuel stoves have been used
in gers for generation since the nomadic period, and a previous study reported that urban ger residents
were generally satisfied with the indoor environment heated by a coal stove. Against this background,
the present study aimed—based on field measurements—to characterize the spatial and temporal
characteristic of the thermal environment within gers heated by coal stoves, to provide insights for
smoothly shifting the current stoves to electric heating. The measurement results showed diverse
daily fluctuations of indoor temperature among days and households dominated by the unstable
heating power of stoves, which is influenced by the occupants' style of coal input. The indoor air
temperature occasionally resulted in outliers beyond the comfort temperature range. By contrast, the
operative temperature was above the lower limit of the ASHRAE comfort range for over 70% of the
time owing to the direct radiation of stoves, highlighting that the current design of gers and the use
of fuel stove are reasonable to achieve a comfortable indoor environment in winter under the
conditions of nomadic mobile dwellings, which necessitates a lightweight envelope with poor

insulation performance.

Keywords: Indoor thermal environment; traditional housing; field measurement; cold
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1. Introduction

In Mongolia, located in the northern part of East Asia, space heating is indispensable because
of the cold winters with temperature reaching below —40 °C [1]. Space heating consumes over
one-third of the energy used in households and the commercial sector in this country [2,3].
Furthermore, 58% of the heating energy of households relies on coal, causing severe air
pollution in the capital city, Ulaanbaatar, in winter [4]. In fact, Soluyanov et al. [5] reported
that 80% of the air pollution is caused by coal stoves used in houses in urban areas. Otgonbayar
et al. [6] conducted a cost—benefit analysis of three air-pollution countermeasures, including
introducing improved low-emission coal stoves, replacing coal stoves with electric heaters, and
relocation from detached houses to suitably insulated apartments. They pointed out that
replacing coal stoves with electric heaters in detached houses will significantly reduce the
pollutant emission, although, this would require the considerable investment in the construction
of a new power plant based on the cost-benefit analysis. These facts suggest that energy saving
and emission reduction of the heating in houses are pressing issues. However, it is not easy for
Mongolia to implement standard approaches which have been taken in developed countries,
such as improvement of building insulation performance and introduction of energy-efficient
and low-emission heating devices, because of factors specific to developing countries. One of
the factors is related to many detached houses located in ger districts, which are unplanned
residential districts with insufficient urban infrastructure for water services, sewage treatment,
and heating. Note that a ger refers to a traditional portable tent; it was originally a home for
nomadic people but is currently used as an urban habitat [7]. In Ulaanbaatar, 58% of the total
households lived in ger districts [4], and 52.4% of the households in ger districts lived in gers

in 2016 [4]. Furthermore, most of dwellings in ger districts rely on coal stoves for space heating.

With such background, Purev and Hagishima [8] surveyed residents of 47 gers located in
Ulaanbaatar to grasp the current situation of ger envelopes, heating devices, and fuel
consumption and the perceptions of living conditions. Their survey highlighted the excellent
affordability of gers for low-income households and excess coal consumption owing to the low
insulation envelope. In this survey, more than 90 % of respondents stated that indoor thermal
conditions were occasionally either too hot or too cold because of the frequent inflow of cold
air when occupants open a door to go to a toilet or other places. Even though urban gers are
intended as temporary housing during the transition from nomadic migration culture to
settlement culture [9,10], considering the fact that gers are home to ~114,000 urban households

[11], suitable actions to reduce pollutant emissions without worsening the indoor thermal
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environment are urgently required in the short term. To do this, switching from coal stoves to
electric heating in ger housing is a possible scenario. In fact, the Mongolian government started
a project that used excess electricity for heating during the night in ger districts to encourage
the use of electric heaters instead of coal stoves in 2017 to counter air pollution [12]. Pillarisetti
et al. [13] performed a long-term measurement of the performance of electric heat pumps
tailored to cold climates in self-built detached houses and gers and reported acceptably
moderate performance of the heat pumps. Note that 90% of the electricity in Mongolia was
generated by coal-fired thermal power plants, and the contribution of renewable energy was
only 8% in 2018 [14]. On the other hand, Bayandelger et al. [15] conducted a field experiment
to assess the feasibility of electric thermal storage utilizing photovoltaics (PV) in a ger with
additional insulation. They pointed out that 31% of the energy demand of an electric thermal

storage heater could be supplied by a PV system.

Nevertheless, the use of fuel stoves in gers has been practised for a long time during and
since the nomadic period, and about 80% of people who lived in gers stated that they were
satisfied with the current indoor thermal environment of their gers heated by a coal stove
according to the survey of Purev and Hagishima [8]. Therefore, for smoothly shifting the
current stoves to electric heating, it is vital to understand the characteristics of the current
indoor thermal environment of gers heated by fuel stoves to which many people have been
exposed. Very few studies have reported on the indoor thermal environment of gers heated by
a stove. Ishikawa et al. [16] measured the indoor temperature of six gers in Ulaanbaatar in
winter and reported a large vertical temperature difference owing to the low insulation
performance. Buyantogtokh and Zhang [17] measured indoor temperatures and relative
humidity as well as CO and CO> concentrations for 10 gers for a total of 14 days in winter, and
estimated the ventilation rates. They presented box plots of the indoor air temperature and
relative humidity at 1.2 m height and revealed a wide range of indoor air temperatures from
8 °C to 41 °C. Furthermore, they plotted the measured data on psychrometric charts and
concluded that low and high indoor temperatures and low relative humidity were outside the
ISO7730 standard thermal comfort range. Tsovoodavaa and Kistelegdi [18] estimated the
heating and cooling energy for nine types of gers, including a current Mongolian ger, as well
as similar traditional temporary housing used in other countries based on the building energy

simulation approach.

In spite of such attempts, the detailed indoor thermal features of current gers heated by a

coal stove have not been well documented in either English or Mongolian. One of the
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knowledge gaps is the temporal and spatial behaviour of indoor thermal conditions. It may be
assumed that gers experience frequent room-temperature drops during the winter months due
to the door being opened for use of the outdoor toilets. In fact, the survey by Purev and
Hagishima [8] indicated that 80% of ger residents considered the room temperature in their ger
to be occasionally too hot or too cold. However, the detailed temporal variation of room
temperature has not been clarified by actual measurements. The spatial distribution of the
indoor temperature, including both surface and air, has been insufficiently examined, even
though strong heterogeneity of the temperature field is expected due to the low insulation
performance of ger envelopes compared to standard modern buildings. Furthermore, little
attention has been directed toward the influence of direct radiant heating from primitive coal
stoves on the indoor thermal environment, which is extremely rare in modern air-conditioned
buildings.

Under these circumstances, the objective of this study is to elucidate the features of temporal
and spatial variation of the indoor thermal environment of typical urban gers and to improve
understanding of the thermal influence of radiant heating from primitive coal stoves in winter.
To do this, we conducted in situ measurements of indoor air temperature at multiple positions
in two typical urban gers for 12 days. To understand the heating characteristics of coal stoves,
the stove of one ger was replaced by an electric convection-type heaters during the last two
days of the period. Section 2 describes the details of the methodology used in the field
measurements. Section 3 reports the observed spatiotemporal distribution of air temperature
and the analysis of space heating power. The characteristics of the indoor thermal environment
for occupants are also discussed in relation to the current gers’ design. Section 4 summarises

the findings of this study.
2. Methodology

2.1 Location and period of field measurement

The two gers, named as Ger A and Ger B, located in the Songinokhairkhan district (47 °58' N
106 °49" E), which is in the northwest outskirt of Ulaanbaatar with a distance of 11 km from
the city centre, were selected for the measurement of the indoor thermal condition. The
locations of the surveyed gers are shown in Fig. 1. The two surveyed gers were located in the
same plot. As the gers have no toilet, the occupants of these gers share an outhouse, which

includes a pit latrine in the same plot.

Table 1 shows the measurement period, which was basically classified into two, namely Term

CS of 10 days as baseline condition of coal stove heating for Ger A and Ger B, and Term EH
4
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of extra 2 days for Ger B with electric heating. Throughout the entire measurement period, the
occupants of the two gers continued their usual routines; hence, residents of the gers
occasionally travelled out of the house and left the gers unoccupied. During two days of Term
CS and one day of Term EH, however, there was always at least one occupant present in the
gers. These periods are named Term CS-fo and Term EH-fo. In the following sections, the data
of Terms CS-fo and EH-fo are mainly used for analysing the detailed time patterns of indoor
thermal variables as the result of occupants’ heating control to satisfy their thermal sensation.
On the other hand, the data of the entire period are used mainly to understand the general

thermal behaviours of the gers.

MONGOLIA: KOEPPEN CLIMATE CLASSIFICATION

RUSSIAN
FEDERATION

1 Arid, Desert-Cold
. Arid.Steppe-Cold

Cont, Dry/Warm Summer

Cont, Dry/Cold Summer

i Cont., Dry Winter,Warm Summer
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Il Cont. Humid/Cool Summer
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Fig. 1 (a) Measurement location on the map of K&ppen climate classification [19,20]

(b) Site plan of the plot in which the surveyed gers are located.
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Table 1. Measurement period

Measurement period Remark

Term CS January 18 — January 27, 2020  Measurement of Ger A and Ger B with
(10 days) the coal stove heating

Term EH January 28 — January 29,2020  Measurement of Ger B with electric
(2 days) heaters

Term CS-fo  January 18 and 26, 2020 Both the gers were always occupied by

at least one resident.
Term EH-fo  January 29, 2020 Ger B was always occupied by at least

one resident.

2.2 Details of the surveyed gers

The two gers were selected because of their typical features, which mostly follow the
national standard [21]. Table 2 lists the specifications of the gers and occupants. Fig. 2 shows
photographs of the exterior and interior of the two gers. Fig. 3 illustrates the section and layout
of the gers. Both the gers having almost same size are categorised as ‘5-wall’, which is the
most popular size according to previous survey [8]. The envelope of the gers comprises a thin
white cotton sheet for the outermost cover, a tarpaulin sheet, and two layers of wool-felt sheet,
known as Esgii, for insulation. The major components of Ger A have been used for 40 years,
and they moved to the current location 7 years ago. Ger B has been used for 2 years at the same
location. It is noteworthy that the thermal properties of the envelope of these two gers, which
we could not measure in this study, are probably different because of their different durations

of use; this difference is similar to the difference between various insulation materials.

Table 2. Characteristics of the surveyed gers

Ger A Ger B
Number of occupants 2 4
Adult 2 1
Children 0 3
Ger volume [m?] 50.02 47.01
Envelope surface [m?] 82.33 79.06
Floor Area [m?] 27.5 25.8
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Fig. 2 (a) Exterior of Ger A, (b) exterior of Ger B, (c) interior of Ger A, (d) interior of Ger B
(e) Ulzii stove used at Ger A, (f) Khas stove used at Ger B, and (g) electric heaters used at
Ger B during Term EH



OCoO~NOUAWNE

142

143
144

145
146

147
148
149
150
151
152
153
154
155
156
157
158

159
160

e -Sensors for indoor air temperature
m -Sensors for surface temperature
1470

= e

? u
Section 1-1 Sam
Chimney
M
N N { |

D e
|l Door
) 5 430

(H=1.76m)|

Wall
(H=1.05m)\

/ - = SO
4 Chest Tabiel N J// \
\

f/—@ Roof

\

I R of (H=2.15m) i

] \H=om s N (H=0.00m)
0.5m,/1.5m PHE0Em — 3l g
oo 8| &
HIAGE.

H=05m 345510345
1470

| F Roof 1S
\ Lol (H=1.65m) Ny
3 & Stove / EL/ |k

—f
H = 1.00m) /i
80| 670 380, ( ) /

b)

H=05m TN H=05m/ N/ \H=15m

- Positions of occupants usually stays

Fig. 3 (a) Section of Ger A, (b) layout of Ger A, (¢) section of Ger B, and (d) layout of
Ger B

The specifications of the heating devices used in the gers are listed in Table 3. The family of
these two gers used coal stoves with top-lit-updraft design, which are commonly called as
“improved stoves” in Mongolia [22]. In both the gers, smokeless coal was used owing to the
“smokeless fuel” project which banned the use of raw coal in the city[23]. During Term EH,
we replaced a coal stove with two electric ceramic fan heaters in Ger B. To avoid accidental
fires caused by the electrical leakage of aging distribution systems, thermostats were attached
to the electric heaters, set to 25 °C based on the range of acceptable operating temperature

suggested by ASHRAE 55 [24].
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Table 3. Specifications of heating devices used in the gers.

Ger A Ger B Ger B
Period Term CS Term CS Term EH
Type of heating  Improved coal Improved coal 2 ceramic fan heaters with
device stove stove thermostats (set to 25 °C)
Model of heating Ulzii Khas MDN-RDI114
device (Royal ocean LLC) (Selenge (Mei Ling Ltd.)
(Manufacture) construction LLC)
Heating Power 6.5 kW 7.5 kW 2 level (1.6 kW, 3.2 kW)

for each heater

2.3 Instrumentation

The measurement instruments used in this survey were selected for its appropriate accuracy

and low susceptibility to noise in the field, and similar to those widely employed for indoor

thermal measurement in buildings [25]. The measuring instruments are listed in Table 4.

Outdoor temperature (7ou), relative humidity (RH), and solar radiation were measured at a

height of 2 m inside the plot as reference weather conditions. Temperature of the indoor air,

floor surface, and internal surfaces of ger envelopes were measured at multiple positions at

each ger. The measurement positions inside the gers are shown in Fig. 3. The electricity

consumption of the ceramic fan heaters of Ger B was also monitored during Term EH. All the

aforementioned measurement items were recorded every 1 min. In addition to the

environmental variables, the authors questioned the average daily coal consumption of the

occupants.

Table 4. Measuring instruments and accuracy of sensors.

Measurement items

Sensors and loggers

Range and accuracy

Outdoor air temperature,
relative humidity

HOBO U30 Weather Station Data
logger & Sensor S-THB-M002

—40°Cto 75 °C
+0.21 °C-over 0 °C to 50 °C

Solar radiation

S-LIB-MO003 Silicon Pyranometer

+10 W/m?

Indoor air temperature T-type Thermocouple (¢ =0.1 mm), —40to 125 °C

(9 positions at Ger A, 7 HIOKI logger LR8432 Z2015-01 +0.5°C
positions ad Ger B)

Surface temperature T-type Thermocouple (¢ =0.1mm) + —40 to 125 °C

(5 positions at Ger A, 3 HIOKI logger LR8432 & Z2015-01  £0.5°C
positions ad Ger B)

Electricity consumption of  Electricity monitor (OWL+USB) NA

heaters (Term EH, Ger
B)
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3. Results and discussion

3.1 Climate conditions

Fig. 4 shows the outdoor weather conditions for the entire measurement period. The data of
the spatial averages of the indoor air temperature of the gers are also included for reference.
As can be seen from the figures, the outdoor temperature shows a periodic diurnal cycle,
ranging between —2 and —27 °C, with an average of —17 °C. The daily maximum and minimum
values for each day slightly differed, and the latter 5 days showed relatively high daily
maximum temperatures. The outdoor relative humidity showed an opposite trend of air
temperature as expected, ranging from 43% to 85%. Unfortunately, solar radiation data were
not available for half of the measurement period owing to technical issues. The data of the

remaining 6 days indicated symmetric daily variation, suggesting clear sky conditions.

Regarding the indoor air temperature, the values of the two gers were always higher than the
outdoor temperature owing to space heating, and the difference between the indoor and outdoor
temperatures ranges from 15 to 47 °C. The minimum indoor air temperatures of Gers A and B
were 2 and 5 °C, respectively, and the maximum temperatures were 32 and 30 °C, respectively,

during the measurement.

0 £ | N | a
L g0 f{\*“ \ A W I
2 Y A M n N h‘w
g 10 + \N * vm\/". M‘"’\r\)“\) \\ \_! \fJN A \ Term EH-fo
= Term CS-f Tprm ('c <«—>
g 0 I Tertm €S | permEH
ANAWAAY
(3]
AN TNTNTNATA
-30
T 188 Term C‘Sffo -Term CSifo b 400 E
Z 80 + 'JW- / erm E}-ﬂf of 300 =
5 70 I /\/ ”
E 60 h\/\/ w ‘/\f/\ T 200 5
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2wl Term CS || Yrermed T 1 3
g I W o o et AP
o= 18 19 20 21 22 23 24 25 26 27 28 29 E
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Fig. 4 Time variations of (a) Outdoor air temperature (Tout) and spatial average of the
indoor air temperature (Tin) of Gers A and B, (b) relative humidity of outdoor air

environment and global solar radiation for the entire period.
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3.2 Detailed time patterns of indoor temperature during Term CS-fo and EH-fo

Figs. 5 show the temperatures of the indoor air and surfaces observed at multiple positions
every 1 min during Term CS-fo and EH-fo, in which the gers were occupied by residents all
day. The estimated radiation energy of stoves (See Appendix) and the electricity consumption

of ceramic fan heaters are also included in Fig. 5.

First, for Gers A and B during Term CS-fo, the measured indoor air and surface temperatures
exhibited similar fluctuation patterns with the same time cycle of 3-9 h. In addition, the time
of peak occurrence and the magnitude of fluctuation differed between the two groups for two
days. Furthermore, such fluctuation patterns with multiple peaks in a day were different from
the diurnal cycles of both the outside air temperature and solar radiation with a single peak.
Such diverse daily patterns of indoor air temperature with multiple peaks are supposed to be
related to the occupants’ behaviours to add fuel to burning stove in various timings. In other
words, the aforementioned time cycle of 3-9h roughly matches the frequency with which
occupants add coal in the stove. In fact, occupants of Ger B with longer time scale of the
fluctuation patterns explained to the authors that they tended to add large amount of fuel at one

time and not add fuel until the fuel is fully burned out.

In Ger A, the position 1.5 m and 0.5 m laterally from the stove exhibited the largest indoor
air temperature fluctuation of 13 and 40 °C while the level at 0.1 m exhibited the smallest
temperature variation of 5 and 19 °C. Such a large vertical temperature difference is consistent
with previous observations [16] and is believed to be due to the radiant heating of coal stoves
and to heat loss through the ger envelopes. The temperature near the door exhibited sudden
drops, which are mainly caused by door opening when someone enters or exits the ger. On the
other hand, on 26 January, occupants frequently opened doors in the afternoon around an hour
to ventilate and decrease the indoor air temperature to avoid overheating. Such behaviour was
observed on other days when the indoor air temperature was too high. The wall and roof surface
temperatures were similar to the indoor air temperature, which was caused by the strong
radiation emitted from the stove. Similar tendencies were observed in Ger B when a coal-

burning stove was used.

During Term EH with electric heaters, the thermostat was set at 25 °C therefore, the heaters
were repeatedly and automatically switched on and off at intervals of 15-20 min during the
day. As a result, the indoor temperature at 1.5 m exhibited oscillation at ~3 °C when there was

fluctuation in the electricity consumption.

11
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Fig. 5 Air and surface temperatures at various positions inside (a) Ger A heated using a coal

stove (Term CS-fo), (b) Ger B heated using a coal stove (Term CS-fo), and (c) Ger B heated

using electric heaters (Term EH-fo).

3.3 Range of indoor temperature under the different outdoor air temperature

Radiation from stove [kW]

Radiation from stove [kW]

Fig. 6 shows the range of spatially averaged indoor air temperature against various outdoor

12
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air temperature Tou and sol-air temperature Tsol, respectively, based on the data of 10-minute
average. Tsol is a simplified index with a temperature unit for considering the influence of both
outdoor air temperature and heat gain of the solar radiation, expressed as Eq. (1).

‘SR
Tso1r = Tour + aT (D),

where a is solar absorptivity of the ger envelope assumed to be 0.52 [26]; SR is global solar
radiation [Wm™]; 4 is convection heat transfer coefficient of external surfaces of the gers,

assumed to be 10 W m2K™! [27].

As can be seen from the figures, the indoor temperature was maintained in the range of 5 to
30 °C by heating while the outdoor temperature was in the range of —25 to —5 °C. As already
shown in Fig.5, the time variation of the indoor temperature in both Term CS and EH was
strongly influenced by the heating and showed very different tendencies from the daily
variation of the outdoor temperature, therefore it is reasonable that there is little correlation
between the Tin and Tou for both the gers. Similarly, there is little correlation between Tin and
Tsol. Nevertheless, under conditions where Tout 18 above —10 °C and T is above 10 °C, the
indoor temperature was maintained at a relatively high level. However, considering that the
times of day when the outdoor temperature is high or the solar radiation is high are generally
coincident with the times of day when the occupants were active and preferred to keep the
indoor temperature high, the effect of the heating devices is supposed to be also significant

rather than outdoor conditions.

Tin 0.5 (Ger A, Term CS) Tin 0.5 (Ger A, Term CS)

4 Tin 0.5 (Ger B, Term CS) 4 Tin 0.5 (Ger B, Term CS)

o Tin 0.5 (Ger B, Term EH) o Tin 0.5 (Ger B, Term EH)
35 30
30 25
o » T 20
:. 20 : 15
k= £ 10

= 10 =
5 5
0
-30 -25 -20 -15 -10 -5 0 -30 -25 -20 15 -10 5 O 5 10 15
Tout [°C] Tsol ['C]

Fig. 6 (a) Scatter plot between outdoor air temperature (Tout) and indoor air temperature
height of 0.5 m (Tin 0.5) (b) Scatter plot between Sol-air temperature (Tso) and indoor air
temperature height of 0.5m (Ti, 0.5)

13
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3.4 Heating energy consumption

The initial time when the estimated radiation heat of the stoves and indoor air temperature
starts to increase is assumed to coincide with the timing of the fire ignition as mentioned before.
Thus, the number of multiple local negative peaks of radiation energy can be recognised as the
number of fire ignitions accompanied by fuel addition. With this assumption, we estimated the
number of fire ignitions per day (Table 5). Although both the gers used stoves categorised as
“improved stoves” having similar heating power, the result indicated the clear difference in

usage style of the occupants.

Table 5. Daily number of fire ignitions of coal stoves
Ger A Ger B
Average 4.0 2.5
Standard deviation 1.2 0.8

Fig. 7 shows the daily average electricity consumption of the electric heaters of Term EH
and the daily average of the estimated radiation energy of the stoves of Term CS. Moreover,
the heating degree hours (HDH)—assuming a reference set point of 18 °C, the lower limit of
indoor air temperature according to the Mongolian Standard [28]—was included for
comparison. The occupants of the gers explained that they used coal of 25 kg on a daily basis,
which is equivalent to 5.78 kW considering a calorific value of 20 MJ/kg. In contrast, the
average estimated radiation heat of the stoves for the entire period was 5.08 and 4.23 kW for
Gers A and B, respectively. Meanwhile, assuming that the stove surface and indoor air
temperatures were 200 [29] and 20 °C, respectively, we can estimate convection heat between
the stove and indoor air to be 1.49 and 1.83 kW for these two gers, considering a convection
heat transfer coefficient of 6.9 W/m?K, which is determined by the relation between the Nusselt
number, Grashof number, and Prandtl number for the natural convection of a flat plate [30]. It
indicates that the averaged total heating power was 6.57 and 6.06 kW for Gers A and B,
respectively, and the contribution of radiation to the total heating power of the stoves was
around 77% and 70%, respectively. Although these values should be treated as approximations,
the order is similar to both the calculated values based on the weight of coal used daily and the

specifications of the manufacturers of the stoves (A: 6.5 kW and B: 7.5 kW).
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Fig. 7 Daily HDH, estimated radiation heating power of stoves, and electricity

consumption of heaters

On the other hand, the electricity consumption of Term EH was about 1.65 kW, which was
less than half of the estimated radiation heat, less than one-third of the heating power calculated
from coal use, and the values mentioned in the specifications of the manufacturers. In contrast,
HDH ranged from 800 to 950 during Term CS, and it decreased by ~17% for Term EH. This
implies that the coal stoves consumed an excess amount of energy compared to the electric

heaters.

Such excess energy consumption is partly caused by the primitive function of the stoves to
module the intensity of the coal combustion according to the indoor thermal conditions. The
behaviour of the occupants to intentionally open doors to avoid overheating, shown in Fig. 5a,
can also be recognised as a limitation. In contrast, ceramic fan heaters connected with a
thermostat showed reasonable performance in realising a stable indoor air temperature during
Term EH-fo, as shown in Fig. 5c. This feature suggests that considering energy saving and
emission reduction of the current coal stoves based on the change in the behaviour of the
occupants is challenging.

3.5 Spatial heterogeneity of indoor air temperature

Fig. 8 shows the relationship between the spatially averaged indoor air temperature at a
height of 0.5 m (hereafter, Tino.5) and the standard deviation of the indoor air temperature of
all the measurement positions for Terms CS and EH. In addition, Fig. 9 shows the comparison
of the spatially averaged indoor air temperature at a height of 0.5 m with other two levels (0.5
and 1.5 m). To reduce the influence of the transient temperature drops owing to the short-term

door openings, 10-minute averaged values were used for these graphs.

As shown in Fig. 8, during Term CS with coal stoves, the spatial nonuniformity of the indoor
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air temperature increases with Tin.0.5. In contrast, the standard deviation decreases with the
decrease in Tin-0.5 caused by the fire extinction of the stoves. The linear relations illustrated in
Fig. 9 indicate that the stratified temperature profiles owing to the buoyancy force are
intensified with an increase in Tin-0.5 caused by heating. Fig. 9 indicates that the temperature
differences between the levels of 0.1 and 1.5 m were ~12 and 18 °C under the conditions of Tix-
05 = 20 and 30 °C, respectively. On the other hand, ASHRAE 55-2017[24] indicated that the
vertical air temperature difference between the head and ankle levels should not exceed 3 °C
for seated occupants and 4 °C for standing occupants for the thermal comfort condition.
Although recent studies, such as Mohlenkamp et al. [31], reported that the acceptable vertical
temperature gradient for the thermal comfort of occupants might be much larger than this
comfort standard, the strong thermal stratification of the indoor space of gers can be recognised
as completely different from the fully air-conditioned environment of modern buildings with

relatively uniform temperature distribution.

Comparing the data of Terms CS and EH, the spatial heterogeneity of the indoor air
temperature during the usage of ceramic heaters tends to be small. In particular, the temperature
difference between the levels of 0.5 and 0.1 m of Term EH is significantly smaller than that for
Term CS with stove heating. A possible reason for this difference between the heating devices
is the large infiltration rate of the interface between the floor and ger envelopes caused by the
stack effect created by the stoves with much higher surface temperature, which is generated by
the coal combustion, compared with the ceramic heaters. This implies that coal stoves may
cause larger heat loss owing to the buoyancy-induced infiltration compared with convection-
type electric heaters, although these heating devices can generate similar levels of mean indoor

air temperature.
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Fig. 8 Relation between the spatial average air temperature at a height of 0.5 m and the

standard deviation of the indoor air temperature for all the measurement positions
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Fig. 9 Relation between the spatial average air temperature at a height of 0.5 m and different

heights from the floor level (0.1 and 1.5 m)

3.6 Surface temperature of ger envelopes and floor

Fig. 10 shows relations between the indoor air temperature (7in-0.5) and surface temperatures
of various positions of ger envelopes and floor. The surface temperature at higher positions is
higher compared with Tin.0.5 similar to the relation of air temperature at different heights shown
in Fig. 9. Especially, the roof surface temperature of Ger A at a height of 2.15 m sometimes
exceeds 50 °C. Considering the small thermal resistance of the envelopes and cold outdoor air
temperature below -10 °C, this trend is assumed to be caused by hot updraft above the stove

owing to natural convection and direct radiation energy emitted from the stove!.

The temperature with regard to the floor and wall surface at 0.1 m reduced by ~25 °C. This
low temperature is caused by the stratified indoor air temperature and cold inflow through the
lower part of the ger envelopes owing to the stack effect. Note that the positions of the sensors
to capture floor surface temperatures were placed relatively far from the stoves to minimise the
disruption caused to the daily lives of the occupants; therefore, the sensors were not directly

heated by the radiation generated from the stoves.

The floor surface temperature of Ger B differs between the two terms, and the values of the

! The interior surface temperature of the ger can be expressed by the following equation, assuming no

radiant heating on the interior surface (See Appendix): T ;, = Ti, — (Tl"”_AT;“t - ) By substituting

Ain a+7+aout
the thermal properties of the target site, Tsin can be estimated at around 5 °C for the situation of Ti, =
20 °C and Tow=—20 °C. This estimation is much lower than the observed values, suggesting additional

factors such as direct radiant heating and a local thermal plume above the stoves.
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Term CS considering stove heating tended to be lower than that of the other term. This tendency
is consistent with the indoor air temperature at a height of 0.1 m (Fig. 9), implying a higher
infiltration owing to the stack effect created by the coal stove compared with the convection-

type electric heaters, as mentioned before.
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Fig. 10 (a) Relation between the spatial average air temperature at a height of 0.5 m and
roof surface temperature. (b) Relation between the spatial average air temperature at a height
of 0.5 m and wall surface temperature. (c) Relation between the spatial average air

temperature at a height of 0.5 m and floor surface temperature

3.7 Thermal exposure of the occupants

The mean radiant temperature (MRT, 7;) was calculated to examine the thermal exposure of
the occupants based on radiation using the measured surface temperature of the ger envelopes
and estimated radiation energy of the stoves. In this calculation, the radiation generated by the

stove to the body of the occupant was estimated assuming the omnidirectional emission from
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the stoves? and shape factors for a seated occupant provided by Dunkle [32]. The distance

between an occupant and a stove was assumed to be 1.5 and 1.0 m for Gers A and B,
respectively, considering the layout of the furniture and the lifestyle of the occupants. The

emissivity of the ger envelope was assumed to be 1.0°.

Fig. 11 shows the time variation of the estimated MRT during Term CS-fo, in which the
occupants stayed in their gers throughout the day. Moreover, the spatially averaged air
temperature at a height of 0.5 m (7in-0.5) are included for reference. The MRT values exceeded
the indoor air temperature by 5—15 °C. The time patterns of MRT of the gers are similar to
those of air temperature, except for the time period when the temperature decreased owing to
door openings. MRT was always maintained at >20 °C even though Tin-0.5 had gone below 10

°C in the early morning just before the coal addition.

Regarding the evaluation of indoor thermal comfort, predicted mean vote (PMV)[24], which
is derived based on the energy balance of a human body by using four environmental variables
(air temperature, humidity, radiant temperature, and wind speed) and two occupants-related
variables (metabolic rate and clothing insulation), has been widely used for decades especially
for assessment in air-conditioned enclosed spaces. On the other hand, it has been reported that
in naturally ventilated rooms and in environments where occupants have a high flexibility of
thermal adaptation behaviours, PMV does not always correspond to people's thermal
sensation[33]. The surveyed gers were heated by a stove, thus they cannot be classified as
naturally ventilated rooms. However, the envelopes of the gers were not well insulated and
airtight, besides, the occupants were exposed to the cold outdoor environment every time they
went to the toilet and experienced sudden drops in room temperature. This situation is therefore
substantially different from that of a modern air-conditioned room. In addition, the metabolic
rate of the occupants varied according to various activities such as eating and sleeping, and
they had a high flexibility of thermal adaptation behaviours. Considering such features, for
estimating the current thermal conditions, we calculated operative temperature, 7op expressed
in Eq. (2) rather than PMV for Term CS-fo, in which the gers were heated by a coal stove and
occupied by residents all day.

2 These stoves are made of cast iron and are rectangular in shape, with an opening at the top through which
coal is fed into the stove. There are no windows on the sides through which the flame can be seen. Given the
thermal conductivity of cast iron, it is a reasonable to regard the surface temperature of the stoves as
approximately uniform and to treat the long-wave radiation from the stoves as omnidirectional.

3 The surface area of a seated occupant is only about 1.5 % of the total surface area of the gers. Thus, the
influence of reflected long-wave radiation upon the ger interior surface can be considered negligible.
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Top = (Tr + Tin0s)/2. (2)

Fig. 12 illustrates the probability density distributions (PDDs) and cumulative probability
distributions (CPDs) of Tin.0.5 and operative temperature, Top for Term CS-fo. Tin05 of Ger A
ranged from 6 to 29 °C, being below 18 °C over half the staying hours in spite of the large
heating energy consumption shown in Fig. 7. In contrast, the air temperature of Ger B was
slightly higher than that of Ger A. The value for a CPD of 50% was 22 °C. Compared with the
indoor air temperature, Top of the gers ranged from 13 to 37 °C, suggesting effective radiative
heating of the stove for occupants even though the indoor air temperature sometimes becomes
lower than the modern building standard temperature. In BS-ISO 7730[34], winter comfort
criterion in dwellings ranges from 20 to 24 °C [34], and the comfort range of ASHRAE 55-
2017[24] is 19.5-24.5 °C. Compared with these standards, the CPDs in Fig. 12 (b) reveal that
74% and 85% of the day for Gers A and B are above the lower limit of the comfort range,
respectively. Furthermore, 50% of the time of Ger B and 20% of the time of Ger A had higher

operative temperatures than the upper limit of the comfort range.
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Fig. 11 Time variation of mean radiant and indoor air temperatures during Term CS-fo
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Fig. 12 (a) PDDs and (b) CPDs of the operative temperature (Top) and spatially averaged
air temperature at a height of 0.5 m (Tin-055)

3.8 Thermal characteristics and design of gers

A ger is a temporary housing originally tailored to nomadic pastoralism, in which people
used to move several times a year from one place to another [7]. This one-room interior space
is used for various purposes, i.e., sleeping, family gathering, cooking, and eating[8], but there
are no toilets or bathrooms inside the ger that are physically connected to the local
infrastructure services, such as water access and sewage management. Furthermore, owing to
their mobile characteristic, gers are made of lightweight local materials that are easy to

assemble and disassemble.

On the other hand, Fig. 12—derived from our measurement result—indicates the current
gers enable to create a relatively comfortable indoor thermal environment in winter in spite of
the low performance of thermal insulation and airtightness of the ger envelopes. As discussed
in Section 3.2, the indoor temperature drops by more than 15 °C instantaneously owing to door
opening, and the temperature near the floor is always low (5-18 °C) due to thermal
stratification and cold air leakage, occasionally resulting in an out-of-comfort temperature
range. To overcome this situation, radiant heating with a fairly high output has been a

reasonable choice for occupants as Fig. 11 and 12 suggested.

Purev and Hagishima reported [8] that nowadays the dimensions and materials of each part
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of a ger are highly standardised [21], and people can purchase wooden frames, wool-felt sheets,
tarpaulin, doors, and other related parts from different retailers based on their preferences, or
they can receive used parts from their acquaintances. In addition, even in the case of large
families, people do not modify gers to create large and complex indoor spaces but rather build
multiple gers on a single site[7] . This is consistent with the fact that the current circular floor
plan with a radius of ~2.5 m is suitable for securing a sufficient shape factor between a stove
and a body of occupants, receiving necessary radiation heat gain, thus, maintaining a
comfortable thermal environment for occupants as shown in section 3.7. In other words, the
current design of gers is based on a high-powered radiation heater installed at the centre to
achieve thermal comfort without being affected by low near-floor temperatures and frequent
temperature drops caused by poor airtightness and the opening of entry doors. Therefore,
replacing current coal stoves with convection-type electric heaters would possibly require the
improvement of the insulation and airtightness of the ger envelopes to ensure the thermal

comfort of occupants who have accustomed to the stoves.

4. Conclusions

To understand the thermal features of traditional housing ger heated by a fuel stove under the
usual behaviours of occupants, a field measurement was conducted in Ulaanbaatar, Mongolia,
in winter, focusing on two gers with typical sizes and materials. The findings of this survey are

summarised below.

® Daily variations in indoor air temperatures of gers varied by household and day and
were strongly affected by variations in heating power of stoves, which is influenced by

the timing and amount of coal input to the stove by occupants.

® Under the conditions of intense stove heating, the vertical difference in indoor air
temperature was large. The air temperature at a height of 1.5 m near the ceiling
sometimes exceeded 40 °C, while the air temperature near the floor was always less than
20 °C. This stratified temperature field was more intense when a coal stove was used

compared with the use of convection-type electric heaters.

® As aresult, the operative temperature in the two gers was above the lower limit of the
ASHRAE comfort range for 74% and 85% of the overall time. On the other hand, over-
heating occasionally occurred, resulting in operative temperatures above the upper limit
of the comfort range for 50% and 20% of the overall time owing to the limited function

to modulate the heating power of the stoves. In addition, the behaviour of the occupants
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to deliberately open the door to let in cold air from outside was observed as a

countermeasure to overheating.

Overall, these findings — derived from field measurements — highlight the underlying
processes of the unique indoor thermal environment of this traditional temporal housing,
demonstrating clear academic contribution and scientific originality. To secure the mobility of
a ger, thick, stiff, and well-insulated envelopes, like those installed in typical modern buildings
in Northern Europe have never been adopted despite the cold climate in Mongolia. Instead,
people in Mongolia have always preferred stoves with strong radiation heating devices placed
at the centre of the circular plane in gers since the inception of nomadic society until today,
where urban ger districts have developed. The results of the current field measurements unlock
the mystery of how Mongolian nomads managed to create a comfortable thermal environment
in extremely cold winters while maintaining their mobility. Although the gers examined in this
paper are traditional houses indigenous to Mongolia, similar circular traditional mobile housing
exists, or traditionally existed, in various countries including Hungary, Kazakhstan, Kyrgyzstan,
and Afghanistan [18]. The results of this study also provide significant insights into the physical

environmental factors behind the design of these other nomadic traditional settlements.

The effectiveness of direct radiant heating with primitive fuel stoves and the instability of
their thermal output should also be emphasised. Fuel stoves are very rarely used in modern
buildings, and for the building energy simulation (BES) to estimate the heating load—and to
assess the indoor thermal comfort level—the room temperature is usually assumed to be
maintained at a given temperature. Contrarily, the present results suggest that gers stoves—
with their very limited degree of control over heat output—can lead to large temporal variations
in room temperature, sometimes resulting in air temperatures below the comfort range.
Nevertheless, even when the room air temperature is lower than the comfort range, direct
radiant heating from a stove can maintain the thermal comfort of the occupants. These facts
suggest that the BES—which does not take into account characteristics such as direct radiant
heating, quite different from modern air-conditioned buildings—may not adequately reflect the
actual situation. Considering that the World Health Organization reports 3 billion people
worldwide currently using fuel stoves in their homes for heating and cooking [35], the findings
of this study could also be valuable for exploring the indoor thermal environment of various

buildings in a wide range of regions.

Finally, considering the future scenario of gers for urban settlers in Ulaanbaatar, it would be

desirable to replace coal stoves with non-emission devices, such as electrically powered heaters,
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in order to reduce the severe air pollution and health risks associated with indoor air quality.
Given that gers are designed around radiant heating, the replacement of coal stoves with
electric heating should be combined with improvements in the insulation and airtightness of
the ger envelopes, which will contribute not only to reducing the additional electricity

consumed for heating but also to decreasing the non-uniformity of the room temperature.

Nomenclature

Tou Outdoor temperature
Tin Indoor temperature
Tin-0.5 Spatially averaged temperature at a height of 0.5 m
T sury Surface temperature
Top Operative temperature
T Mean radiant temperature
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APPENDIX

Although we did not directly measure the heating power of coal stoves, the thermal radiation
emitted from a stove was estimated based on the measured temperatures of ceiling surface (H
= 1.76 m for Ger A and H = 1.65 m for Ger B), indoor air temperature near the ceiling surface
(H = 1.5 m) and outdoor air temperature based on the assumptions of one-dimensional thermal
conduction of the ger envelopes and omnidirectional radiation emission from stoves, as

described below.

Assuming one-dimensional heat transfer through the ger envelope, the energy balance can be

expressed by the following equations:

q+R= aout(Tsurf,out - Tout) (A1)

q+R= A(Tsurf,in - Tsurf,out)/Ax (A2)

q= ain(Tin - Tsurf,in) (A3)

where ¢ is the conduction heat flux [W/m?], and R is the radiation flux on the surface of the
ger envelope delivered from a stove [W/m?]. Ti, and T, are the indoor and outdoor air
temperatures, respectively. 7, and Ty .. are the surface temperatures of the ger envelope for
the indoor and outdoor sides, respectively. ain and oou are the convective heat transfer
coefficients, A is the thermal conductivity, and Ax is the depth of the ger envelope. By
substituting measured values of Tin, T suy in and Tow, assuming oin = 5 W/(m?*K), doue= 10
W/(m?K), A = 0.127 W/(m K) [37], Ax = 0.03 m [8], heat fluxes ¢ and R can be estimated as

below.

q= (Ts,in - Ts,out)/(U_l + Uo_ult) (A4)

R =Upyt (Ts,in - Ts,out) —q (AS)

A
where U= = — + 22 4 L

Xin A Qout

(A06)
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The estimated radiation flux reaching the internal surface of the ger envelope was exchanged
with the radiation flux on the normal plane of the vector from a stove to the measurement point

of a ger indoor surface using Eq. (AS8).

R, = Rcosf (AS8)

Assuming that the radiation from a stove is omnidirectional from a point source, the radiative
heating power of a stove H siove [ W] Was obtained by the surface integration of a hemisphere as

follows:

Hgtove = 27TL2R0 (A9)

Measured position of roof surface
temperature

Fig. A.1 Schematic diagram for estimation of radiation heating power of a stove
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Abstract: Gers, which are traditional mobile tents used by nomadic society of Mongolia, are
currently used for urban habitats, and pollutants emitted from coal stoves used in urban gers are one
of the major causes of air pollution in Ulaanbaatar in winter. Replacing coal stoves with low-emission
heating devices in ger housing is, therefore, a pressing issue. Nevertheless, fuel stoves have been used
in gers for generation since the nomadic period, and a previous study reported that urban ger residents
were generally satisfied with the indoor environment heated by a coal stove. Against this background,
the present study aimed—based on field measurements—to characterize the spatial and temporal
characteristic of the thermal environment within gers heated by coal stoves, to provide insights for
smoothly shifting the current stoves to electric heating. The measurement results showed diverse
daily fluctuations of indoor temperature among days and households dominated by the unstable
heating power of stoves, which is influenced by the occupants' style of coal input. The indoor air
temperature occasionally resulted in outliers beyond the comfort temperature range. By contrast, the
operative temperature was above the lower limit of the ASHRAE comfort range for over 70% of the
time owing to the direct radiation of stoves, highlighting that the current design of gers and the use
of fuel stove are reasonable to achieve a comfortable indoor environment in winter under the
conditions of nomadic mobile dwellings, which necessitates a lightweight envelope with poor

insulation performance.
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1. Introduction

In Mongolia, located in the northern part of East Asia, space heating is indispensable because
of the cold winters with temperature reaching below —40 °C [1]. Space heating consumes over
one-third of the energy used in households and the commercial sector in this country [2,3].
Furthermore, 58% of the heating energy of households relies on coal, causing severe air
pollution in the capital city, Ulaanbaatar, in winter [4]. In fact, Soluyanov et al. [5] reported
that 80% of the air pollution is caused by coal stoves used in houses in urban areas. Otgonbayar
et al. [6] conducted a cost—benefit analysis of three air-pollution countermeasures, including
introducing improved low-emission coal stoves, replacing coal stoves with electric heaters, and
relocation from detached houses to suitably insulated apartments. They pointed out that
replacing coal stoves with electric heaters in detached houses will significantly reduce the
pollutant emission, although, this would require the considerable investment in the construction
of a new power plant based on the cost-benefit analysis. These facts suggest that energy saving
and emission reduction of the heating in houses are pressing issues. However, it is not easy for
Mongolia to implement standard approaches which have been taken in developed countries,
such as improvement of building insulation performance and introduction of energy-efficient
and low-emission heating devices, because of factors specific to developing countries. One of
the factors is related to many detached houses located in ger districts, which are unplanned
residential districts with insufficient urban infrastructure for water services, sewage treatment,
and heating. Note that a ger refers to a traditional portable tent; it was originally a home for
nomadic people but is currently used as an urban habitat [7]. In Ulaanbaatar, 58% of the total
households lived in ger districts [4], and 52.4% of the households in ger districts lived in gers

in 2016 [4]. Furthermore, most of dwellings in ger districts rely on coal stoves for space heating.

With such background, Purev and Hagishima [8] surveyed residents of 47 gers located in
Ulaanbaatar to grasp the current situation of ger envelopes, heating devices, and fuel
consumption and the perceptions of living conditions. Their survey highlighted the excellent
affordability of gers for low-income households and excess coal consumption owing to the low
insulation envelope. In this survey, more than 90 % of respondents stated that indoor thermal
conditions were occasionally either too hot or too cold because of the frequent inflow of cold
air when occupants open a door to go to a toilet or other places. Even though urban gers are
intended as temporary housing during the transition from nomadic migration culture to
settlement culture [9,10], considering the fact that gers are home to ~114,000 urban households

[11], suitable actions to reduce pollutant emissions without worsening the indoor thermal
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environment are urgently required in the short term. To do this, switching from coal stoves to
electric heating in ger housing is a possible scenario. In fact, the Mongolian government started
a project that used excess electricity for heating during the night in ger districts to encourage
the use of electric heaters instead of coal stoves in 2017 to counter air pollution [12]. Pillarisetti
et al. [13] performed a long-term measurement of the performance of electric heat pumps
tailored to cold climates in self-built detached houses and gers and reported acceptably
moderate performance of the heat pumps. Note that 90% of the electricity in Mongolia was
generated by coal-fired thermal power plants, and the contribution of renewable energy was
only 8% in 2018 [14]. On the other hand, Bayandelger et al. [15] conducted a field experiment
to assess the feasibility of electric thermal storage utilizing photovoltaics (PV) in a ger with
additional insulation. They pointed out that 31% of the energy demand of an electric thermal

storage heater could be supplied by a PV system.

Nevertheless, the use of fuel stoves in gers has been practised for a long time during and
since the nomadic period, and about 80% of people who lived in gers stated that they were
satisfied with the current indoor thermal environment of their gers heated by a coal stove
according to the survey of Purev and Hagishima [8]. Therefore, for smoothly shifting the
current stoves to electric heating, it is vital to understand the characteristics of the current
indoor thermal environment of gers heated by fuel stoves to which many people have been
exposed. Very few studies have reported on the indoor thermal environment of gers heated by
a stove. Ishikawa et al. [16] measured the indoor temperature of six gers in Ulaanbaatar in
winter and reported a large vertical temperature difference owing to the low insulation
performance. Buyantogtokh and Zhang [17] measured indoor temperatures and relative
humidity as well as CO and CO> concentrations for 10 gers for a total of 14 days in winter, and
estimated the ventilation rates. They presented box plots of the indoor air temperature and
relative humidity at 1.2 m height and revealed a wide range of indoor air temperatures from
8 °C to 41 °C. Furthermore, they plotted the measured data on psychrometric charts and
concluded that low and high indoor temperatures and low relative humidity were outside the
ISO7730 standard thermal comfort range. Tsovoodavaa and Kistelegdi [18] estimated the
heating and cooling energy for nine types of gers, including a current Mongolian ger, as well
as similar traditional temporary housing used in other countries based on the building energy

simulation approach.

In spite of such attempts, the detailed indoor thermal features of current gers heated by a

coal stove have not been well documented in either English or Mongolian. One of the
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knowledge gaps is the temporal and spatial behaviour of indoor thermal conditions. It may be
assumed that gers experience frequent room-temperature drops during the winter months due
to the door being opened for use of the outdoor toilets. In fact, the survey by Purev and
Hagishima [8] indicated that 80% of ger residents considered the room temperature in their ger
to be occasionally too hot or too cold. However, the detailed temporal variation of room
temperature has not been clarified by actual measurements. The spatial distribution of the
indoor temperature, including both surface and air, has been insufficiently examined, even
though strong heterogeneity of the temperature field is expected due to the low insulation
performance of ger envelopes compared to standard modern buildings. Furthermore, little
attention has been directed toward the influence of direct radiant heating from primitive coal
stoves on the indoor thermal environment, which is extremely rare in modern air-conditioned
buildings.

Under these circumstances, the objective of this study is to elucidate the features of temporal
and spatial variation of the indoor thermal environment of typical urban gers and to improve
understanding of the thermal influence of radiant heating from primitive coal stoves in winter.
To do this, we conducted in situ measurements of indoor air temperature at multiple positions
in two typical urban gers for 12 days. To understand the heating characteristics of coal stoves,
the stove of one ger was replaced by an electric convection-type heaters during the last two
days of the period. Section 2 describes the details of the methodology used in the field
measurements. Section 3 reports the observed spatiotemporal distribution of air temperature
and the analysis of space heating power. The characteristics of the indoor thermal environment
for occupants are also discussed in relation to the current gers’ design. Section 4 summarises

the findings of this study.
2. Methodology

2.1 Location and period of field measurement

The two gers, named as Ger A and Ger B, located in the Songinokhairkhan district (47 °58' N
106 °49" E), which is in the northwest outskirt of Ulaanbaatar with a distance of 11 km from
the city centre, were selected for the measurement of the indoor thermal condition. The
locations of the surveyed gers are shown in Fig. 1. The two surveyed gers were located in the
same plot. As the gers have no toilet, the occupants of these gers share an outhouse, which

includes a pit latrine in the same plot.

Table 1 shows the measurement period, which was basically classified into two, namely Term

CS of 10 days as baseline condition of coal stove heating for Ger A and Ger B, and Term EH
4
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of extra 2 days for Ger B with electric heating. Throughout the entire measurement period, the
occupants of the two gers continued their usual routines; hence, residents of the gers
occasionally travelled out of the house and left the gers unoccupied. During two days of Term
CS and one day of Term EH, however, there was always at least one occupant present in the
gers. These periods are named Term CS-fo and Term EH-fo. In the following sections, the data
of Terms CS-fo and EH-fo are mainly used for analysing the detailed time patterns of indoor
thermal variables as the result of occupants’ heating control to satisfy their thermal sensation.
On the other hand, the data of the entire period are used mainly to understand the general

thermal behaviours of the gers.

MONGOLIA: KOEPPEN CLIMATE CLASSIFICATION

RUSSIAN
FEDERATION

1 Arid, Desert-Cold
. Arid.Steppe-Cold

Cont, Dry/Warm Summer

Cont, Dry/Cold Summer

i Cont., Dry Winter,Warm Summer

Cont,, Dry Winter, Cold Summer
Cont, Humid/Warm Summer
Il Cont. Humid/Cool Summer

@® Ger
£} Main Road
— Wooden Plot

a)

a Entrance

=1 Plot of the
measured gers

m  Out house
(Pit latrine)

® Weather station

] Baishin

Unpaved street
b)

Fig. 1 (a) Measurement location on the map of K&ppen climate classification [19,20]

(b) Site plan of the plot in which the surveyed gers are located.
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Table 1. Measurement period

Measurement period Remark

Term CS January 18 — January 27, 2020  Measurement of Ger A and Ger B with
(10 days) the coal stove heating

Term EH January 28 — January 29,2020  Measurement of Ger B with electric
(2 days) heaters

Term CS-fo  January 18 and 26, 2020 Both the gers were always occupied by

at least one resident.
Term EH-fo  January 29, 2020 Ger B was always occupied by at least

one resident.

2.2 Details of the surveyed gers

The two gers were selected because of their typical features, which mostly follow the
national standard [21]. Table 2 lists the specifications of the gers and occupants. Fig. 2 shows
photographs of the exterior and interior of the two gers. Fig. 3 illustrates the section and layout
of the gers. Both the gers having almost same size are categorised as ‘5-wall’, which is the
most popular size according to previous survey [8]. The envelope of the gers comprises a thin
white cotton sheet for the outermost cover, a tarpaulin sheet, and two layers of wool-felt sheet,
known as Esgii, for insulation. The major components of Ger A have been used for 40 years,
and they moved to the current location 7 years ago. Ger B has been used for 2 years at the same
location. It is noteworthy that the thermal properties of the envelope of these two gers, which
we could not measure in this study, are probably different because of their different durations

of use; this difference is similar to the difference between various insulation materials.

Table 2. Characteristics of the surveyed gers

Ger A Ger B
Number of occupants 2 4
Adult 2 1
Children 0 3
Ger volume [m?] 50.02 47.01
Envelope surface [m?] 82.33 79.06
Floor Area [m?] 27.5 25.8




136
137
138
139
140

141

A3 .¢f‘.'f_'t“‘““?\

" {

P 1y
7 /[ " ?". 4

Fig. 2 (a) Exterior of Ger A, (b) exterior of Ger B, (c) interior of Ger A, (d) interior of Ger B
(e) Ulzii stove used at Ger A, (f) Khas stove used at Ger B, and (g) electric heaters used at
Ger B during Term EH
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Fig. 3 (a) Section of Ger A, (b) layout of Ger A, (¢) section of Ger B, and (d) layout of
Ger B

The specifications of the heating devices used in the gers are listed in Table 3. The family of
these two gers used coal stoves with top-lit-updraft design, which are commonly called as
“improved stoves” in Mongolia [22]. In both the gers, smokeless coal was used owing to the
“smokeless fuel” project which banned the use of raw coal in the city[23]. During Term EH,
we replaced a coal stove with two electric ceramic fan heaters in Ger B. To avoid accidental
fires caused by the electrical leakage of aging distribution systems, thermostats were attached
to the electric heaters, set to 25 °C based on the range of acceptable operating temperature

suggested by ASHRAE 55 [24].
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Table 3. Specifications of heating devices used in the gers.

Ger A Ger B Ger B
Period Term CS Term CS Term EH
Type of heating  Improved coal Improved coal 2 ceramic fan heaters with
device stove stove thermostats (set to 25 °C)
Model of heating Ulzii Khas MDN-RDI114
device (Royal ocean LLC) (Selenge (Mei Ling Ltd.)
(Manufacture) construction LLC)
Heating Power 6.5 kW 7.5 kW 2 level (1.6 kW, 3.2 kW)

for each heater

2.3 Instrumentation

The measurement instruments used in this survey were selected for its appropriate accuracy
and low susceptibility to noise in the field, and similar to those widely employed for indoor
thermal measurement in buildings [25]. The measuring instruments are listed in Table 4.
Outdoor temperature (7ou), relative humidity (RH), and solar radiation were measured at a
height of 2 m inside the plot as reference weather conditions. Temperature of the indoor air,
floor surface, and internal surfaces of ger envelopes were measured at multiple positions at
each ger. The measurement positions inside the gers are shown in Fig. 3. The electricity
consumption of the ceramic fan heaters of Ger B was also monitored during Term EH. All the
aforementioned measurement items were recorded every 1 min. In addition to the

environmental variables, the authors questioned the average daily coal consumption of the

occupants.
Table 4. Measuring instruments and accuracy of sensors.

Measurement items Sensors and loggers Range and accuracy
Outdoor air temperature, = HOBO U30 Weather Station Data —40°Cto 75 °C

relative humidity logger & Sensor S-THB-M002 1021 °C-over 0 °C to 50 °C
Solar radiation S-LIB-MO003 Silicon Pyranometer +10 W/m?
Indoor air temperature T-type Thermocouple (¢ =0.1 mm), —40to 125 °C
(9 positions at Ger A, 7 HIOKI logger LR8432 Z2015-01 +0.5°C

positions ad Ger B)
Surface temperature T-type Thermocouple (¢ =0.1mm) + —40 to 125 °C
(5 positions at Ger A, 3 HIOKI logger LR8432 & Z2015-01  £0.5°C

positions ad Ger B)
Electricity consumption of  Electricity monitor (OWL+USB) NA

heaters (Term EH, Ger

B)
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3. Results and discussion

3.1 Climate conditions

Fig. 4 shows the outdoor weather conditions for the entire measurement period. The data of
the spatial averages of the indoor air temperature of the gers are also included for reference.
As can be seen from the figures, the outdoor temperature shows a periodic diurnal cycle,
ranging between —2 and —27 °C, with an average of —17 °C. The daily maximum and minimum
values for each day slightly differed, and the latter 5 days showed relatively high daily
maximum temperatures. The outdoor relative humidity showed an opposite trend of air
temperature as expected, ranging from 43% to 85%. Unfortunately, solar radiation data were
not available for half of the measurement period owing to technical issues. The data of the

remaining 6 days indicated symmetric daily variation, suggesting clear sky conditions.

Regarding the indoor air temperature, the values of the two gers were always higher than the
outdoor temperature owing to space heating, and the difference between the indoor and outdoor
temperatures ranges from 15 to 47 °C. The minimum indoor air temperatures of Gers A and B
were 2 and 5 °C, respectively, and the maximum temperatures were 32 and 30 °C, respectively,

during the measurement.

30 + a)
£ 20 _W \QM’\#N\/\\W
£ 10 + Term EH-fo
8 o Term CS-fi Term (S-fa <«—>
g T Term CS Al A Ayl NEIMER
NNANAWA AN
Y 'W Vﬂ\\/\. N

-30
o) 188 Term CSHo Term CS{fo b 400 E
= < > 1 =
Z 80 + 'JW. / ernE%ﬂfoZ' 300 2,
2 70 /\/ "V g
E 60 _W w -J\[/\ T 200§

50 + 1 jnn =
2wl Term CS || Yrermed T 1 3
g I W o o et AP
e 18 19 20 21 22 23 24 25 26 27 28 29 k)

Date

Tout Relative Humidity

Average Tin of Ger A Average Tin of Ger B

Solar Radiation

Fig. 4 Time variations of (a) Outdoor air temperature (Tout) and spatial average of the
indoor air temperature (Tin) of Gers A and B, (b) relative humidity of outdoor air

environment and global solar radiation for the entire period.
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3.2 Detailed time patterns of indoor temperature during Term CS-fo and EH-fo

Figs. 5 show the temperatures of the indoor air and surfaces observed at multiple positions
every 1 min during Term CS-fo and EH-fo, in which the gers were occupied by residents all
day. The estimated radiation energy of stoves (See Appendix) and the electricity consumption

of ceramic fan heaters are also included in Fig. 5.

First, for Gers A and B during Term CS-fo, the measured indoor air and surface temperatures
exhibited similar fluctuation patterns with the same time cycle of 3-9 h. In addition, the time
of peak occurrence and the magnitude of fluctuation differed between the two groups for two
days. Furthermore, such fluctuation patterns with multiple peaks in a day were different from
the diurnal cycles of both the outside air temperature and solar radiation with a single peak.
Such diverse daily patterns of indoor air temperature with multiple peaks are supposed to be
related to the occupants’ behaviours to add fuel to burning stove in various timings. In other
words, the aforementioned time cycle of 3-9h roughly matches the frequency with which
occupants add coal in the stove. In fact, occupants of Ger B with longer time scale of the
fluctuation patterns explained to the authors that they tended to add large amount of fuel at one

time and not add fuel until the fuel is fully burned out.

In Ger A, the position 1.5 m and 0.5 m laterally from the stove exhibited the largest indoor
air temperature fluctuation of 13 and 40 °C while the level at 0.1 m exhibited the smallest
temperature variation of 5 and 19 °C. Such a large vertical temperature difference is consistent
with previous observations [16] and is believed to be due to the radiant heating of coal stoves
and to heat loss through the ger envelopes. The temperature near the door exhibited sudden
drops, which are mainly caused by door opening when someone enters or exits the ger. On the
other hand, on 26 January, occupants frequently opened doors in the afternoon around an hour
to ventilate and decrease the indoor air temperature to avoid overheating. Such behaviour was
observed on other days when the indoor air temperature was too high. The wall and roof surface
temperatures were similar to the indoor air temperature, which was caused by the strong
radiation emitted from the stove. Similar tendencies were observed in Ger B when a coal-

burning stove was used.

During Term EH with electric heaters, the thermostat was set at 25 °C therefore, the heaters
were repeatedly and automatically switched on and off at intervals of 15-20 min during the
day. As a result, the indoor temperature at 1.5 m exhibited oscillation at ~3 °C when there was

fluctuation in the electricity consumption.
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Fig. 5 Air and surface temperatures at various positions inside (a) Ger A heated using a coal

stove (Term CS-fo), (b) Ger B heated using a coal stove (Term CS-fo), and (c) Ger B heated

using electric heaters (Term EH-fo).

3.3 Range of indoor temperature under the different outdoor air temperature

Fig. 6 shows the range of spatially averaged indoor air temperature against various outdoor
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air temperature Tou and sol-air temperature Tsol, respectively, based on the data of 10-minute
average. Tsol is a simplified index with a temperature unit for considering the influence of both
outdoor air temperature and heat gain of the solar radiation, expressed as Eq. (1).

‘SR
Tso1r = Tour + aT (D),

where a is solar absorptivity of the ger envelope assumed to be 0.52 [26]; SR is global solar
radiation [Wm™]; 4 is convection heat transfer coefficient of external surfaces of the gers,

assumed to be 10 W m2K™! [27].

As can be seen from the figures, the indoor temperature was maintained in the range of 5 to
30 °C by heating while the outdoor temperature was in the range of —25 to —5 °C. As already
shown in Fig.5, the time variation of the indoor temperature in both Term CS and EH was
strongly influenced by the heating and showed very different tendencies from the daily
variation of the outdoor temperature, therefore it is reasonable that there is little correlation
between the Tin and Tou for both the gers. Similarly, there is little correlation between Tin and
Tsol. Nevertheless, under conditions where Tout 18 above —10 °C and T is above 10 °C, the
indoor temperature was maintained at a relatively high level. However, considering that the
times of day when the outdoor temperature is high or the solar radiation is high are generally
coincident with the times of day when the occupants were active and preferred to keep the
indoor temperature high, the effect of the heating devices is supposed to be also significant

rather than outdoor conditions.

Tin 0.5 (Ger A, Term CS) Tin 0.5 (Ger A, Term CS)

4 Tin 0.5 (Ger B, Term CS) 4 Tin 0.5 (Ger B, Term CS)

o Tin 0.5 (Ger B, Term EH) o Tin 0.5 (Ger B, Term EH)
35 30
30 25
o » T 20
:. 20 : 15
k= £ 10

= 10 =
5 5
0
-30 -25 -20 -15 -10 -5 0 -30 -25 -20 15 -10 5 O 5 10 15
Tout [°C] Tsol ['C]

Fig. 6 (a) Scatter plot between outdoor air temperature (Tout) and indoor air temperature
height of 0.5 m (Tin 0.5) (b) Scatter plot between Sol-air temperature (Tso) and indoor air
temperature height of 0.5m (Ti, 0.5)
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3.4 Heating energy consumption

The initial time when the estimated radiation heat of the stoves and indoor air temperature
starts to increase is assumed to coincide with the timing of the fire ignition as mentioned before.
Thus, the number of multiple local negative peaks of radiation energy can be recognised as the
number of fire ignitions accompanied by fuel addition. With this assumption, we estimated the
number of fire ignitions per day (Table 5). Although both the gers used stoves categorised as
“improved stoves” having similar heating power, the result indicated the clear difference in

usage style of the occupants.

Table 5. Daily number of fire ignitions of coal stoves
Ger A Ger B
Average 4.0 2.5
Standard deviation 1.2 0.8

Fig. 7 shows the daily average electricity consumption of the electric heaters of Term EH
and the daily average of the estimated radiation energy of the stoves of Term CS. Moreover,
the heating degree hours (HDH)—assuming a reference set point of 18 °C, the lower limit of
indoor air temperature according to the Mongolian Standard [28]—was included for
comparison. The occupants of the gers explained that they used coal of 25 kg on a daily basis,
which is equivalent to 5.78 kW considering a calorific value of 20 MJ/kg. In contrast, the
average estimated radiation heat of the stoves for the entire period was 5.08 and 4.23 kW for
Gers A and B, respectively. Meanwhile, assuming that the stove surface and indoor air
temperatures were 200 [29] and 20 °C, respectively, we can estimate convection heat between
the stove and indoor air to be 1.49 and 1.83 kW for these two gers, considering a convection
heat transfer coefficient of 6.9 W/m?K, which is determined by the relation between the Nusselt
number, Grashof number, and Prandtl number for the natural convection of a flat plate [30]. It
indicates that the averaged total heating power was 6.57 and 6.06 kW for Gers A and B,
respectively, and the contribution of radiation to the total heating power of the stoves was
around 77% and 70%, respectively. Although these values should be treated as approximations,
the order is similar to both the calculated values based on the weight of coal used daily and the

specifications of the manufacturers of the stoves (A: 6.5 kW and B: 7.5 kW).
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Fig. 7 Daily HDH, estimated radiation heating power of stoves, and electricity

consumption of heaters

On the other hand, the electricity consumption of Term EH was about 1.65 kW, which was
less than half of the estimated radiation heat, less than one-third of the heating power calculated
from coal use, and the values mentioned in the specifications of the manufacturers. In contrast,
HDH ranged from 800 to 950 during Term CS, and it decreased by ~17% for Term EH. This
implies that the coal stoves consumed an excess amount of energy compared to the electric

heaters.

Such excess energy consumption is partly caused by the primitive function of the stoves to
module the intensity of the coal combustion according to the indoor thermal conditions. The
behaviour of the occupants to intentionally open doors to avoid overheating, shown in Fig. 5a,
can also be recognised as a limitation. In contrast, ceramic fan heaters connected with a
thermostat showed reasonable performance in realising a stable indoor air temperature during
Term EH-fo, as shown in Fig. 5c. This feature suggests that considering energy saving and
emission reduction of the current coal stoves based on the change in the behaviour of the
occupants is challenging.

3.5 Spatial heterogeneity of indoor air temperature

Fig. 8 shows the relationship between the spatially averaged indoor air temperature at a
height of 0.5 m (hereafter, Tino.5) and the standard deviation of the indoor air temperature of
all the measurement positions for Terms CS and EH. In addition, Fig. 9 shows the comparison
of the spatially averaged indoor air temperature at a height of 0.5 m with other two levels (0.5
and 1.5 m). To reduce the influence of the transient temperature drops owing to the short-term

door openings, 10-minute averaged values were used for these graphs.

As shown in Fig. 8, during Term CS with coal stoves, the spatial nonuniformity of the indoor
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air temperature increases with Tin.0.5. In contrast, the standard deviation decreases with the
decrease in Tin-0.5 caused by the fire extinction of the stoves. The linear relations illustrated in
Fig. 9 indicate that the stratified temperature profiles owing to the buoyancy force are
intensified with an increase in Tin-0.5 caused by heating. Fig. 9 indicates that the temperature
differences between the levels of 0.1 and 1.5 m were ~12 and 18 °C under the conditions of Tix-
05 = 20 and 30 °C, respectively. On the other hand, ASHRAE 55-2017[24] indicated that the
vertical air temperature difference between the head and ankle levels should not exceed 3 °C
for seated occupants and 4 °C for standing occupants for the thermal comfort condition.
Although recent studies, such as Mohlenkamp et al. [31], reported that the acceptable vertical
temperature gradient for the thermal comfort of occupants might be much larger than this
comfort standard, the strong thermal stratification of the indoor space of gers can be recognised
as completely different from the fully air-conditioned environment of modern buildings with

relatively uniform temperature distribution.

Comparing the data of Terms CS and EH, the spatial heterogeneity of the indoor air
temperature during the usage of ceramic heaters tends to be small. In particular, the temperature
difference between the levels of 0.5 and 0.1 m of Term EH is significantly smaller than that for
Term CS with stove heating. A possible reason for this difference between the heating devices
is the large infiltration rate of the interface between the floor and ger envelopes caused by the
stack effect created by the stoves with much higher surface temperature, which is generated by
the coal combustion, compared with the ceramic heaters. This implies that coal stoves may
cause larger heat loss owing to the buoyancy-induced infiltration compared with convection-
type electric heaters, although these heating devices can generate similar levels of mean indoor

air temperature.
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Fig. 8 Relation between the spatial average air temperature at a height of 0.5 m and the

standard deviation of the indoor air temperature for all the measurement positions
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Fig. 9 Relation between the spatial average air temperature at a height of 0.5 m and different

heights from the floor level (0.1 and 1.5 m)

3.6 Surface temperature of ger envelopes and floor

Fig. 10 shows relations between the indoor air temperature (7in-0.5) and surface temperatures
of various positions of ger envelopes and floor. The surface temperature at higher positions is
higher compared with Tin.0.5 similar to the relation of air temperature at different heights shown
in Fig. 9. Especially, the roof surface temperature of Ger A at a height of 2.15 m sometimes
exceeds 50 °C. Considering the small thermal resistance of the envelopes and cold outdoor air
temperature below -10 °C, this trend is assumed to be caused by hot updraft above the stove

owing to natural convection and direct radiation energy emitted from the stove!.

The temperature with regard to the floor and wall surface at 0.1 m reduced by ~25 °C. This
low temperature is caused by the stratified indoor air temperature and cold inflow through the
lower part of the ger envelopes owing to the stack effect. Note that the positions of the sensors
to capture floor surface temperatures were placed relatively far from the stoves to minimise the
disruption caused to the daily lives of the occupants; therefore, the sensors were not directly

heated by the radiation generated from the stoves.

The floor surface temperature of Ger B differs between the two terms, and the values of the

! The interior surface temperature of the ger can be expressed by the following equation, assuming no

radiant heating on the interior surface (See Appendix): T ;, = Tip, — % By substituting

Ain a+7+aout
the thermal properties of the target site, Tsin can be estimated at around 5 °C for the situation of Ti, =
20 °C and Tow=—20 °C. This estimation is much lower than the observed values, suggesting additional

factors such as direct radiant heating and a local thermal plume above the stoves.
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Term CS considering stove heating tended to be lower than that of the other term. This tendency
is consistent with the indoor air temperature at a height of 0.1 m (Fig. 9), implying a higher
infiltration owing to the stack effect created by the coal stove compared with the convection-

type electric heaters, as mentioned before.
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Fig. 10 (a) Relation between the spatial average air temperature at a height of 0.5 m and
roof surface temperature. (b) Relation between the spatial average air temperature at a height
of 0.5 m and wall surface temperature. (c) Relation between the spatial average air

temperature at a height of 0.5 m and floor surface temperature

3.7 Thermal exposure of the occupants

The mean radiant temperature (MRT, 7;) was calculated to examine the thermal exposure of
the occupants based on radiation using the measured surface temperature of the ger envelopes
and estimated radiation energy of the stoves. In this calculation, the radiation generated by the

stove to the body of the occupant was estimated assuming the omnidirectional emission from
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the stoves? and shape factors for a seated occupant provided by Dunkle [32]. The distance

between an occupant and a stove was assumed to be 1.5 and 1.0 m for Gers A and B,
respectively, considering the layout of the furniture and the lifestyle of the occupants. The

emissivity of the ger envelope was assumed to be 1.0°.

Fig. 11 shows the time variation of the estimated MRT during Term CS-fo, in which the
occupants stayed in their gers throughout the day. Moreover, the spatially averaged air
temperature at a height of 0.5 m (7in-0.5) are included for reference. The MRT values exceeded
the indoor air temperature by 5—15 °C. The time patterns of MRT of the gers are similar to
those of air temperature, except for the time period when the temperature decreased owing to
door openings. MRT was always maintained at >20 °C even though Tin-0.5 had gone below 10

°C in the early morning just before the coal addition.

Regarding the evaluation of indoor thermal comfort, predicted mean vote (PMV)[24], which
is derived based on the energy balance of a human body by using four environmental variables
(air temperature, humidity, radiant temperature, and wind speed) and two occupants-related
variables (metabolic rate and clothing insulation), has been widely used for decades especially
for assessment in air-conditioned enclosed spaces. On the other hand, it has been reported that
in naturally ventilated rooms and in environments where occupants have a high flexibility of
thermal adaptation behaviours, PMV does not always correspond to people's thermal
sensation[33]. The surveyed gers were heated by a stove, thus they cannot be classified as
naturally ventilated rooms. However, the envelopes of the gers were not well insulated and
airtight, besides, the occupants were exposed to the cold outdoor environment every time they
went to the toilet and experienced sudden drops in room temperature. This situation is therefore
substantially different from that of a modern air-conditioned room. In addition, the metabolic
rate of the occupants varied according to various activities such as eating and sleeping, and
they had a high flexibility of thermal adaptation behaviours. Considering such features, for
estimating the current thermal conditions, we calculated operative temperature, 7op expressed
in Eq. (2) rather than PMV for Term CS-fo, in which the gers were heated by a coal stove and
occupied by residents all day.

2 These stoves are made of cast iron and are rectangular in shape, with an opening at the top through which
coal is fed into the stove. There are no windows on the sides through which the flame can be seen. Given the
thermal conductivity of cast iron, it is a reasonable to regard the surface temperature of the stoves as
approximately uniform and to treat the long-wave radiation from the stoves as omnidirectional.

3 The surface area of a seated occupant is only about 1.5 % of the total surface area of the gers. Thus, the
influence of reflected long-wave radiation upon the ger interior surface can be considered negligible.
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Top = (Tr + Tin0s)/2. (2)

Fig. 12 illustrates the probability density distributions (PDDs) and cumulative probability
distributions (CPDs) of Tin.0.5 and operative temperature, Top for Term CS-fo. Tin05 of Ger A
ranged from 6 to 29 °C, being below 18 °C over half the staying hours in spite of the large
heating energy consumption shown in Fig. 7. In contrast, the air temperature of Ger B was
slightly higher than that of Ger A. The value for a CPD of 50% was 22 °C. Compared with the
indoor air temperature, Top of the gers ranged from 13 to 37 °C, suggesting effective radiative
heating of the stove for occupants even though the indoor air temperature sometimes becomes
lower than the modern building standard temperature. In BS-ISO 7730[34], winter comfort
criterion in dwellings ranges from 20 to 24 °C [34], and the comfort range of ASHRAE 55-
2017[24] is 19.5-24.5 °C. Compared with these standards, the CPDs in Fig. 12 (b) reveal that
74% and 85% of the day for Gers A and B are above the lower limit of the comfort range,
respectively. Furthermore, 50% of the time of Ger B and 20% of the time of Ger A had higher

operative temperatures than the upper limit of the comfort range.
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Fig. 11 Time variation of mean radiant and indoor air temperatures during Term CS-fo
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Fig. 12 (a) PDDs and (b) CPDs of the operative temperature (Top) and spatially averaged

air temperature at a height of 0.5 m (Tin-055)

3.8 Thermal characteristics and design of gers

A ger is a temporary housing originally tailored to nomadic pastoralism, in which people
used to move several times a year from one place to another [7]. This one-room interior space
is used for various purposes, i.e., sleeping, family gathering, cooking, and eating[8], but there
are no toilets or bathrooms inside the ger that are physically connected to the local
infrastructure services, such as water access and sewage management. Furthermore, owing to
their mobile characteristic, gers are made of lightweight local materials that are easy to

assemble and disassemble.

On the other hand, Fig. 12—derived from our measurement result—indicates the current
gers enable to create a relatively comfortable indoor thermal environment in winter in spite of
the low performance of thermal insulation and airtightness of the ger envelopes. As discussed
in Section 3.2, the indoor temperature drops by more than 15 °C instantaneously owing to door
opening, and the temperature near the floor is always low (5-18 °C) due to thermal
stratification and cold air leakage, occasionally resulting in an out-of-comfort temperature
range. To overcome this situation, radiant heating with a fairly high output has been a

reasonable choice for occupants as Fig. 11 and 12 suggested.

Purev and Hagishima reported [8] that nowadays the dimensions and materials of each part
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of a ger are highly standardised [21], and people can purchase wooden frames, wool-felt sheets,
tarpaulin, doors, and other related parts from different retailers based on their preferences, or
they can receive used parts from their acquaintances. In addition, even in the case of large
families, people do not modify gers to create large and complex indoor spaces but rather build
multiple gers on a single site[7] . This is consistent with the fact that the current circular floor
plan with a radius of ~2.5 m is suitable for securing a sufficient shape factor between a stove
and a body of occupants, receiving necessary radiation heat gain, thus, maintaining a
comfortable thermal environment for occupants as shown in section 3.7. In other words, the
current design of gers is based on a high-powered radiation heater installed at the centre to
achieve thermal comfort without being affected by low near-floor temperatures and frequent
temperature drops caused by poor airtightness and the opening of entry doors. Therefore,
replacing current coal stoves with convection-type electric heaters would possibly require the
improvement of the insulation and airtightness of the ger envelopes to ensure the thermal

comfort of occupants who have accustomed to the stoves.

4. Conclusions

To understand the thermal features of traditional housing ger heated by a fuel stove under the
usual behaviours of occupants, a field measurement was conducted in Ulaanbaatar, Mongolia,
in winter, focusing on two gers with typical sizes and materials. The findings of this survey are

summarised below.

® Daily variations in indoor air temperatures of gers varied by household and day and
were strongly affected by variations in heating power of stoves, which is influenced by

the timing and amount of coal input to the stove by occupants.

® Under the conditions of intense stove heating, the vertical difference in indoor air
temperature was large. The air temperature at a height of 1.5 m near the ceiling
sometimes exceeded 40 °C, while the air temperature near the floor was always less than
20 °C. This stratified temperature field was more intense when a coal stove was used

compared with the use of convection-type electric heaters.

® As aresult, the operative temperature in the two gers was above the lower limit of the
ASHRAE comfort range for 74% and 85% of the overall time. On the other hand, over-
heating occasionally occurred, resulting in operative temperatures above the upper limit
of the comfort range for 50% and 20% of the overall time owing to the limited function

to modulate the heating power of the stoves. In addition, the behaviour of the occupants
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to deliberately open the door to let in cold air from outside was observed as a

countermeasure to overheating.

Overall, these findings — derived from field measurements — highlight the underlying
processes of the unique indoor thermal environment of this traditional temporal housing,
demonstrating clear academic contribution and scientific originality. To secure the mobility of
a ger, thick, stiff, and well-insulated envelopes, like those installed in typical modern buildings
in Northern Europe have never been adopted despite the cold climate in Mongolia. Instead,
people in Mongolia have always preferred stoves with strong radiation heating devices placed
at the centre of the circular plane in gers since the inception of nomadic society until today,
where urban ger districts have developed. The results of the current field measurements unlock
the mystery of how Mongolian nomads managed to create a comfortable thermal environment
in extremely cold winters while maintaining their mobility. Although the gers examined in this
paper are traditional houses indigenous to Mongolia, similar circular traditional mobile housing
exists, or traditionally existed, in various countries including Hungary, Kazakhstan, Kyrgyzstan,
and Afghanistan [18]. The results of this study also provide significant insights into the physical

environmental factors behind the design of these other nomadic traditional settlements.

The effectiveness of direct radiant heating with primitive fuel stoves and the instability of
their thermal output should also be emphasised. Fuel stoves are very rarely used in modern
buildings, and for the building energy simulation (BES) to estimate the heating load—and to
assess the indoor thermal comfort level—the room temperature is usually assumed to be
maintained at a given temperature. Contrarily, the present results suggest that gers stoves—
with their very limited degree of control over heat output—can lead to large temporal variations
in room temperature, sometimes resulting in air temperatures below the comfort range.
Nevertheless, even when the room air temperature is lower than the comfort range, direct
radiant heating from a stove can maintain the thermal comfort of the occupants. These facts
suggest that the BES—which does not take into account characteristics such as direct radiant
heating, quite different from modern air-conditioned buildings—may not adequately reflect the
actual situation. Considering that the World Health Organization reports 3 billion people
worldwide currently using fuel stoves in their homes for heating and cooking [35], the findings
of this study could also be valuable for exploring the indoor thermal environment of various

buildings in a wide range of regions.

Finally, considering the future scenario of gers for urban settlers in Ulaanbaatar, it would be

desirable to replace coal stoves with non-emission devices, such as electrically powered heaters,
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in order to reduce the severe air pollution and health risks associated with indoor air quality.
Given that gers are designed around radiant heating, the replacement of coal stoves with
electric heating should be combined with improvements in the insulation and airtightness of
the ger envelopes, which will contribute not only to reducing the additional electricity

consumed for heating but also to decreasing the non-uniformity of the room temperature.

Nomenclature

Tou Outdoor temperature
Tin Indoor temperature
Tin-0.5 Spatially averaged temperature at a height of 0.5 m
T sury Surface temperature
Top Operative temperature
T Mean radiant temperature
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APPENDIX

Although we did not directly measure the heating power of coal stoves, the thermal radiation
emitted from a stove was estimated based on the measured temperatures of ceiling surface (H
= 1.76 m for Ger A and H = 1.65 m for Ger B), indoor air temperature near the ceiling surface
(H = 1.5 m) and outdoor air temperature based on the assumptions of one-dimensional thermal
conduction of the ger envelopes and omnidirectional radiation emission from stoves, as

described below.

Assuming one-dimensional heat transfer through the ger envelope, the energy balance can be

expressed by the following equations:

q+R= aout(Tsurf,out - Tout) (A1)

q+R= A(Tsurf,in - Tsurf,out)/Ax (A2)

q= ain(Tin - Tsurf,in) (A3)

where ¢ is the conduction heat flux [W/m?], and R is the radiation flux on the surface of the
ger envelope delivered from a stove [W/m?]. Ti, and T, are the indoor and outdoor air
temperatures, respectively. 7, and Ty .. are the surface temperatures of the ger envelope for
the indoor and outdoor sides, respectively. ain and oou are the convective heat transfer
coefficients, A is the thermal conductivity, and Ax is the depth of the ger envelope. By
substituting measured values of Tin, T suy in and Tow, assuming oin = 5 W/(m?*K), doue= 10
W/(m?K), A = 0.127 W/(m K) [37], Ax = 0.03 m [8], heat fluxes ¢ and R can be estimated as

below.

q= (Ts,in - Ts,out)/(U_l + Uo_ult) (A4)

R =Upyt (Ts,in - Ts,out) —q (AS)

A
where U= = — + 22 4 L

Xin A Qout

(A06)
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A Xout

(A7)

The estimated radiation flux reaching the internal surface of the ger envelope was exchanged
with the radiation flux on the normal plane of the vector from a stove to the measurement point

of a ger indoor surface using Eq. (AS8).

R, = Rcosf (AS8)

Assuming that the radiation from a stove is omnidirectional from a point source, the radiative
heating power of a stove H siove [ W] Was obtained by the surface integration of a hemisphere as

follows:

Hgtove = 27TL2R0 (A9)

Measured position of roof surface
temperature

Fig. A.1 Schematic diagram for estimation of radiation heating power of a stove
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