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Chinese heated walls represent a traditional space heating technique that is still widely used in vernacular houses in northern
China. Such walls eﬃciently recover gas heat from heating stoves and reduce users’ exposures to indoor air pollution. This
experimental study proposed a heat recovery system composed of a heated wall and ﬁreplace. Test rooms were set up to evaluate
the surface temperature distribution and thermal performance of the heated wall in response to several combustion patterns. The
results show that an intermittent combustion heated wall heated only by a stove used for cooking can produce a relatively more
comfortable indoor environment without extra energy consumption. In this research, indoor air temperature was increased by 3.3
to 4.0°C over the control room. The temperature distribution of the heated wall’s surface was nonuniform, with a temperature
range of 116.03°C. It was also found that the combustion pattern had a major impact on the initial and peak temperatures of the
wall body’s surface during combustion.

1. Introduction
In developing countries, exposure to high concentrations of
indoor air pollution primarily comes from the combustion
of traditional biomass fuels [1, 2]. Over half of the world’s
population is exposed on a daily basis to harmful emissions
that have adverse eﬀects on the respiratory, cardiovascular,
immune, and nervous systems [3–5]. In China, it is estimated that nearly 80% of all household fuel consumed is in
the form of solid biomass or coal, while burning typically
takes place in low-eﬃciency, traditional stoves [1, 3, 6].
Apart from the indoor air pollution, these traditional stoves
or braziers produce additional problems including a low
level of eﬃciency and poor performance with regard to space
heating [6–8].

In the past, several traditional heat recovery systems have
been developed, such as the Roman hypocaust [9, 10],
Korean ondol [11–14], Chinese kang [15–20], and others.
Some of these have been renovated and are still in use today.
The Chinese heated wall is one such traditional heating
system that is still in use in northern China (as shown in
Figure 1). A typical heated wall is a hollowed brick wall
connected to a coal stove. The wall body stores the heat from
the hot gas and slowly releases it into the adjacent room. In
central China, especially in areas with subhumid continental
monsoon climates, people are less equipped to deal with cold
winters. Beginning in 2011, we conducted long-term ﬁeld
measurements and investigations in the rural area of
Chongqing Province in central China [21]. Existing rural
houses frequently fail to achieve thermal comfort, especially
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Figure 1: Traditional Chinese heated walls commonly used in northern China (photograph: left: http://www.huitu.com/photo/show/
20121107/154758101200.html; right: http://news.163.com/14/1014/10/A8GSPI7D00014AED_mobile.html).

during wintertime. According to the ﬁeld measurements
performed in February of 2012, the average indoor air
temperature was 2.45°C, far below the thermal comfort zone.
The heating season can stretch up to six months, from
October to the following March.
We analyzed the impacts of cooking activities on indoor environmental quality and estimated the potential
for heat recovery from cooking stoves that could be used
for space heating. Fire pits and traditional cooking stoves
are widely used in this area, directly discharging toxic
gases indoors; they feature no heat recovery devices of
any kind (as shown in Figure 2). The peak concentration
value of PM2.5 while cooking in a traditional house was
48.055 mg/m3, and the peak value of CO concentration
was 28.3 ppm. During the heating season, the average
energy consumptions for wood and charcoal were 536 kg
and 126 kg per household, respectively. We conducted indepth observations of occupants’ behavior, including their
cooking patterns and other activities. In this paper, a heat
recovery system composed of a heated wall and ﬁreplace
was proposed for potential use in this rural area of central
China, on the basis of precedent studies. The heated wall
was connected to a stove used only for cooking which,
unlike those used in northern China, recovered heat intermittently from cooking activities.
Several relevant precedent studies have been conducted
that evaluated the thermal performance of heated walls
[22, 23] and ﬁreplaces [24]. Wang et al. established a dynamic heat transfer model for heated walls based on a theoretical analysis and lab testing [22]. These researchers
determined that the heated wall’s body released 45% of the
total heat generated by fuel combustion into the surrounding room. The heat released by the indoor chimney
provided an additional 25%, and approximately 30% of the
heat was released to the outdoors. The inﬂuence of the
heated wall on indoor temperature was also simulated and
measured. Zhang et al. applied PCM to the inner surface of
a heated wall and simulated its thermal performance [23]. It
was found that the indoor temperature ﬂuctuation could be
reduced by applying PCM. Shan et al. set up a test room and
studied the inﬂuence of a ﬁreplace on the indoor thermal
environment [24]. The experiment results showed that
a ﬁreplace could reduce indoor air pollution and signiﬁcantly improve the indoor thermal comfort. A PM level of
10 could be reduced by 72.9%, compared to using a brazier.

Moreover, after 4 hours of burning, the indoor air temperature was 10°C higher than the temperature outdoors.
Though the inﬂuence of ﬁreplaces on indoor environment quality is well understood, there are few studies related
to the inﬂuence of diﬀerent combustion patterns on the
thermal performance of heated walls, especially in terms of
intermittent combustion. Therefore, in this research,
a heated wall was constructed to test its impact on indoor
thermal comfort after intermittent combustion. Key parameters including the wall body’s surface temperature
distribution, indoor air temperature, and indoor relative
humidity were measured under diﬀerent combustion
scenarios.

2. Design of the Heat Recovery System
A heat recovery system based on the traditional heated wall
was designed for potential use in rural areas of central
China. The system was comprised of two parts (as shown in
Figure 3): a heated wall connected to a cooking stove (which
could be replaced in the future with an innovative, highly
energy eﬃcient biomass stove) and a ﬁreplace. Both were
connected at diﬀerent heights to a chimney. All inlets and
outlets could be shut by iron plates. The heat recovery system
could be transformed from one mode to another, simply by
controlling these iron plates (Figure 4).
During winter days, the heated wall’s inlets and outlets
could be left open when users were cooking. The hot ﬂue gas
would then heat the wall body (built with bricks, rammed
earth, or adobe, and thus with a relatively high thermal mass)
when it ﬂowed through the cavity. The inlets and outlets
could then be shut to trap the gas in the ﬂue. The wall body
would then release its heat to the adjacent rooms via convection and radiation. In the evening, the heated wall’s
outlets could be shut and the ﬁreplace outlet opened. This
would allow the ﬁreplace to directly heat the room as well as
the adjacent wall, releasing heat into the adjacent room even
after the ﬁre burned out. In summer, the heated wall’s inlet
could be shut to let the ﬂue gas discharge directly from the
chimney and thus reduce its inﬂuence on indoor air
temperature.
The positive eﬀect of the heat recovery system could be
optimized with a proper building layout (Figure 5). In this
research, four rooms were arranged around the heat recovery system; these included a kitchen, bedroom, dining
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Figure 2: Traditional heating and cooking methods commonly used in central and southern China.
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Figure 3: The proposed heat recovery system for potential use in rural areas of central China.

room, and living room. Taking the winter mode as an example, the waste heat generated by the cooking stove was
recovered and released into the dining room by the heated

wall. In the evening, the ﬁreplace heated the living room;
meanwhile, the wall between the bedroom and living room
was also heated, providing an acceptable air temperature in
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Figure 4: Operation modes for the heat recovery system, applied in diﬀerent seasons. (a) Winter mode, heating with heated wall; (b) winter
mode, heating with ﬁreplace; and (c) winter mode, cooking without enabling the heated wall.

Time: 6:00
Temp. outdoor: –0.4°C
Occupants: whole family
Stay in: dinning room + kitchen
Event: breakfast

Time: 8:00
Temp. outdoor: –0.1°C
Occupants: the elders
Stay in: dinning room
Event: rest

Time: 21:30 ~ 6:00(+1)
Time: 21:00
Temp. outdoor: –0.4°C ~ –0.2°C Temp. outdoor: –0.2°C
Occupants: whole family
Occupants: whole family
Stay in: bedrooms
Stay in: living room
Event: sleep
Event: bedroom preheated

Time: 10:00
Temp. outdoor: 0.4°C
Occupants: the elders + visitor
Stay in: living room
Event: chat

Time: 11:30
Temp. outdoor: 0.6°C
Occupants: whole family
Stay in: dining room + kitchen
Event: lunch

Time: 14:00
Temp. outdoor: 0.9°C
Occupants: the elders
Stay in: dining room
Event: rest

Time: 20:00
Temp. outdoor: 0.1°C
Occupants: whole family
Stay in: living room
Event: watch TV

Time: 18:00
Temp. outdoor: 0.3°C
Occupants: whole family
Stay in: dining room + kitchen
Event: dinner

Time: 16:00
Temp. outdoor: 0.6°C
Occupants: the elders
Stay in: dining room
Event: rest

Figure 5: Prototype layout for applying the heat recovery system (winter mode).

the bedroom for sleeping. In this way, indoor thermal
comfort was, to a certain extent, improved but without
increasing energy consumption.

3. Experiment Setup
In order to verify the inﬂuences of the heated wall on indoor
thermal comfort and temperature distribution across the
wall’s surface, two identical test rooms were set up in Beijing,
China. A heated wall was constructed in one of the test
rooms to establish a comparative study. The physical dimensions and building materials of both rooms were
identical. The eastern and western walls were 3.2 m, and the
northern and southern walls were 4.5 m. The storey height
was 2.5 m. The ﬂat roof was equipped with a simple suspended ceiling. The doors and windows were installed on the
southern side. The window size was 1 m × 1 m, and the door
opening was 0.9 m × 1.9 m. The walls were comprised of

240 mm-thick bricks without a thermal insulation layer. The
doors and windows were composed of aluminum alloy door
frames and single-pane glass. The wood combustion stove
and chimney were located on the southern, outdoor side of
the test room. The heated wall was adjacent to the western
wall. The heated wall’s inlet and outlet were set up to the
south. The heated wall was constructed using bricks 1.3 m in
height, 2.1 m in width, 240 mm in thickness, 60 mm for
the two-sided wall surface, and 120 mm for the cavity. The
cavity was divided into two zones by a smoke baﬄe plate.
The heated wall was of a single-side heat dissipation type
(Figure 6). To avoid the inﬂuence of direct solar radiation on
indoor temperature, the room with the heated wall (referred
to hereafter as the experiment room) and the room without
the heated wall (referred to hereafter as the comparison
room) were positioned close to the north side of a three-ﬂoor
structure. During the testing period, the building’s envelope
received no direct solar radiation from any direction.
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Figure 6: Layout of the test room and testing point arrangement: (a) axonometric view, (b) plan view, and (c, d) heated wall.

Cooking patterns were studied to support the experiment setup. Table 1 shows the seasonal variation in the
number of daily meals. In summer, 22.8% of respondents
have two meals per day, while in winter that number has
risen to 43.9%. That is, 26.3% of respondents change their
eating schedule according to the seasons. As for the average
time spending on cooking (Figure 7), the cooking time in
summer is 40.8 min on average, while it increases to 60.9 min
in winter. According to ﬁeld survey, ﬁrewood and liqueﬁed
petroleum gas (LPG) are the main energy sources for
cooking. The average amount of ﬁrewood consumption for
each meal is 7.1 kg for summer and 9.4 kg for winter.
Three testing scenarios were established, as follows: Tests
1 and 2 simulated actual cooking patterns, including two or
three intermittent combustions per day. Test 1 continued for
24 hours, with two meals per day. Test 2 was similar but
extended for two days; the ﬁrst day involved two meals and
the second day involved three. The cooking time and duration were based on previous ﬁeld studies [21]. Test 3 involved a one-time combustion in order to determine the
heated wall’s surface temperature distribution and inﬂuence
on the indoor thermal environment in a single heat transfer
process (Table 2). Tests were conducted intermittently from

Table 1: Seasonal variation in the number of daily meals.
Number of
daily meals
2 times/day
3 times/day

Summer
Valid
Frequency
percent (%)
9
15.8
48
84.2

Winter
Frequency
23
34

Valid
percent
40.4%
59.6%

November of 2014 to April of 2015. During the testing
period, the doors and windows were kept closed.
All the testing instruments are listed in Table 3. There
were seven measurement points set on the surface of the
heated wall (i.e., points F-L in Figure 6). Air temperature and
humidity data loggers were also installed in both of the two
test rooms, as well as outdoors (i.e., points A-E). The data
sampling interval was 5 min. Infrared thermographs of the
heated wall’s surface were taken during Test 1 at 10 to
120 min intervals. The outdoor weather conditions during
the testing period were as follows. Tests 1 and 2 were
conducted in November. The mean outdoor air temperatures were 6.06°C and 3.11°C, respectively. The mean relative
humidity levels were 74.59% and 51.32%, respectively. Test 3
was conducted at the end of March. The mean outdoor air
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Figure 7: (a) The average time spending on cooking and (b) the average amount of ﬁrewood consumption for each meal.

Table 2: Testing scenarios (Tests 1–3).
Amount of wood for
Time stopped Time outlet
Number Ignition
one combustion (kg)
adding wood was shut
1a
9:00
9:40
10:10
Test 1
2014-11-23 8:40∼22:00
Two times per day
7.5
1b
16:00
16:40
17:05
2a
9:00
9:40
10:10
2b
16:00
16:40
17:05
2014-11-29, 8:30∼2014-12-1 Two times for day 1, three
Test 2
7.5
2c
8:00
8:40
9:10
7:20
times for day 2
2d
12:00
12:30
12:50
2e
19:00
19:35
19:55
Test 3
2015-3-25 19:30∼21:35
Single combustion
7.5
3a
19:45
20:30
21:00
Test

Date

Combustion(s)

Table 3: Testing instruments used in the experiment.
Parameter
Thermography
Surface
temperature
Air temperature
Relative
humidity

Instrument
VarioCAM HR
inspect
WZY-1
thermocouple
WSZY-1 autologger

Measurement
Resolution
range
−40∼2000°C

0.05°C

−40∼100°C

0.1°C

−40∼100°C

0.1°C

0∼100% RH

0.1% RH

temperature was 10.9°C, while the relative humidity was
35.36%.

4. Observations and Results
4.1. Heated Wall Surface Temperature Distribution.
Infrared thermographs were taken to analyze the temperature distribution of the heated wall’s surface (Figure 8).

Before the ﬁrst combustion began (8:00–9:00), the wall’s
surface temperature distribution was relatively even. The
mean temperature was 11.18°C, and the temperature range
was 8.61°C (SD � 1.06). Soon after ignition (9:00–10:00), the
wall surface temperature began to rise at a gradually
increasing speed. Soon after the ﬂame was extinguished, the
mean temperature of the wall reached its peak at 36.44°C, at
which point the largest temperature diﬀerence on the heated
wall’s surface was created. The temperature range was as
much as 116.03°C (SD � 16.17). During combustion, the
mean speed of the temperature’s rise on the heated wall was
0.37°C/min, while the maximum was 0.68°C/min. The surface near the inlet had the maximum rising speed, with
a mean value of 1.75°C/min and maximum of 2.74°C/min.
After the ﬂame was extinguished for 15 to 20 min, the surface
temperature began to decrease. The mean speed of
the temperature decrease was −0.04°C/min. The process
for the temperature decrease was much slower than the
increase process. The wall temperature near the inlet began
to decrease rapidly for one hour after extinguishing,
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Figure 8: Infrared thermographs of a heated wall’s surface (Test 1).

reaching −0.76°C/min. Then, it gradually decreased until the
next combustion began. A single combustion increased the
mean temperature of the heated wall’s surface by 18.99 to
22.11°C. The mean temperature of the heated wall’s surface
was still above 20°C four hours after extinguishing. It is clear
from the infrared thermographs that the heat exchange
process between the high-temperature smoke and wall body

mainly took place in the lower zone of the ﬂue (Zone 1). The
smoke in Zone 1 had a higher temperature and thus more
eﬃcient heat exchange with the wall body. The wall temperature signiﬁcantly increased and the smoke temperature
rapidly reduced. The smoke temperature in the upper ﬂue
(Zone 2) was lower, and the surface temperature variation of
the wall body was relatively small.

8
4.2. Inﬂuence of Diﬀerent Combustion Patterns on the Initial
Surface Temperature. As previously described, Tests 1, 2,
and 3 adopted diﬀerent combustion patterns. Test 1 included
two intermittent combustions at a time interval of 6 h. Test 2
was comprised of ﬁve intermittent combustions at intervals
of 6 h, 15 h (overnight), 3 h, and 6 h. In Figure 9, we used Δt1
to represent the amplitude of the temperature variation
during a single combustion. The values of Δt1 at the same
measuring points were similar when there was a set amount
of fuel. Taking measuring point F as an example, the values
of Δt1−F ranged from 32.0°C to 35.4°C. That is, Δt1 was
mainly determined by the eﬃciency and energy density of
the combustion. The outdoor weather conditions comprised one of the main factors aﬀecting combustion eﬃciency. When there were higher levels of outdoor air
velocity, the value of Δt1 rose correspondingly.
Though the combustion pattern had little inﬂuence on
the value of Δt1, it did have a major impact on the initial
and peak temperatures of each combustion. Values for Δt2
and Δt3 were used to represent the temperature diﬀerences
in peak and initial values for the two adjacent combustions,
respectively. The combustion patterns included several
intermittent combustions (i.e., Tests 1 and 2) and signiﬁcantly increased the initial and peak temperatures of the
heated wall’s exterior surface.
In Test 1, the peak temperature of the second combustion was improved by 4.7°C. The initial temperature was
improved by 6.5°C, on average. In Test 2, the Δt2 values
ranged from 2.6°C to 9.6°C, on average. There was a 20.7°C
increase of the peak surface temperature and a 14.6°C
increase in the initial surface temperature under the cumulative eﬀect of ﬁve intermittent combustions (Table 4).

4.3. Critical Time Nodes for the Heated Wall’s Dynamic
Temperature Process. Three critical time nodes (ti, ts, and tf )
were identiﬁed to describe the combustion process. Speciﬁcally, the times of ignition, feeding fuel stopped, and ﬁre
burning out were represented by ti, ts, and tf, respectively
(Figure 10). To describe the dynamic thermal process of the
heated wall surface’s temperature over time, the temperature
change rate ai (°C/min) was calculated by the following
equation (Equation (1) and Figure 10):
T − Ti
(1)
ai � i+1
.
t
Five time nodes (t1–t5) were extracted from the temperature change rate curve (Figure 10(b)), where at the
turning point, t1, the exterior surface temperature began to
rise. The temperature change rate reached its peak value at t2
and fell back to 0°C/min at t3. This meant that the surface
temperature of the heated wall’s body began to decrease. The
rate of descent increased until it reached t4. Then,
the temperature descent slowed to a relatively steady state
after t5.
After igniting the fuelwood (ti) for 10 to 20 min, the
heated wall’s temperature began to increase (t1). Then, the
temperature increase sped up. After ceasing to add ﬁrewood to stove (ts) for 5 to 20 min, the rate of the
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temperature increase reached its peak value (t2). After the
ﬁre burning out and closing the ﬂue (tf ) for 10 to 25 min,
the heated wall’s temperature reached its maximum value
(t3). At this time, the temperature diﬀerence between the
measurement points also reached its maximum. Then,
the wall temperature began to decline. After 5 to 30 min, the
speed of the temperature reduction reached its maximum
(t4). After the combustion was ﬁnished for 3 h to 4 h, the
wall temperature stabilized (t5) until the next combustion
was initiated.
4.4. Inﬂuences of the Heated Wall on the Indoor Thermal
Environment. During the entire testing period, the air
temperature in the experiment room was higher than that
in outdoors or in the comparison room (Figure 11). Test 1
yielded a mean outdoor air temperature of 6.9°C, while the
mean air temperatures in the experiment and comparison
rooms were 10.9°C and 7.6°C, respectively. Test 2 had
a mean outdoor air temperature of 4.9°C. The mean air
temperature in the experiment room was 9.9°C, while the
mean air temperature in the comparison room was only
5.9°C.
There was an approximate 0.5 h time lag between the
rising indoor air temperature and initiation of combustion.
After closing the inlet and outlet of the ﬂue, the indoor
temperature began to rapidly increase. It reached its peak
about 1h after the ﬁre burned out, indicating that higheﬃciency heat exchange was enhanced by this process.
It was also determined that, with the same quantity of
fuel and burn time, the temperature’s rising amplitude
during each combustion process remained relatively
stable, between 2.1°C and 3.0°C. Furthermore, the tests
showed that the heated wall operated under an intermittent combustion pattern, which simulated the
cooking pattern commonly adopted by rural Chinese. This
had a signiﬁcant eﬀect on improving the indoor thermal
comfort. In Test 1, the indoor air temperature was 8.7°C
before the ﬁrst combustion started. The indoor air temperature was increased by 1.5°C before the second combustion started, while the air temperature in the
comparison room only improved by 0.6°C during the
same period. In Test 2, after ﬁve combustions (represented
by ﬁve cooking activities), the indoor temperature increased from 6.1°C to 13.3°C. During the same period, the
indoor temperature of the comparison room decreased to
5.7°C from 6.2°C. It was aﬀected by the outdoor air’s
temperature reduction.
The relative air humidity in the experiment room was
relatively higher than that in the comparison room, which
can be explained by the increase in absolute humidity due to
the combustion activity (Figures 12 and 13). During each
combustion, the absolute indoor humidity of the experiment
room increased by 0.4 to 1.4 g/m3. As compared to the room
without a heated wall, the indoor absolute humidity was
0.3–2.7 g/m3 higher in the experiment room. One factor
aﬀecting this phenomenon was the relatively high water
content of the ﬁrewood and building materials used to build
the heated wall.
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Figure 9: Heated wall temperature distributions: (a) Test 1, (b) Test 2, and (c) Test 3.
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Table 4: Peak (Δt2) and initial temperature diﬀerences (Δt3) of the heated wall surface.

Δt2
Δt3
Δt2
Δt3
Δt2
Δt3
Δt2
Δt3
Δt2
Δt3

F
H
I
J
L

Temperature change rate (°C/min)

1.2
1

Test 1
1b-1a (°C)
5.4
7.6
5.1
6.7
3.6
6.1
5
6
4.6
6.3

1a

2b-2a (°C)
5.5
8.4
4.4
7.3
5.6
9.4
4.4
13.9
4.3
7.1

Test 2
2d-2c (°C)
15.9
16.9
8.8
13
10
18.7
9.8
11.9
3.4
10.9
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Figure 10: (a) Test 1 temperature change rate at point F on the heated wall; (b) time node diagram of the temperature change rate of the
heated wall (measuring point F).

5. Conclusions
In this research, the proposed heat recovery system design
evolved from the Chinese traditional heated wall. Two test
rooms were set up and key variables measured to evaluate the
thermal performance of the improved heated wall. The following conclusions were drawn based on the study results:
(1) The improved heated wall system consists of a hollow
wall, biomass stove, and a ﬁreplace. With a proper
building layout, this system can support a more
comfortable and healthier indoor environment
without extra energy consumption. Main living
spaces should be arranged around the heated wall
system in coordination with the local life pattern.
(2) As can be observed from the infrared thermographs,
the heat exchange process between the hightemperature smoke and wall body mainly took
place in the lower zone of the ﬂue. The temperature
distribution of the heated wall’s exterior surface was
highly nonuniform. The temperature range was as
much as 116.03°C.

(3) The temperature rises in the heated wall’s surface
during each combustion were relatively the same
when there was a set amount of fuel. The amplitude
of the temperature rise was mainly determined by the
eﬃciency and energy density of the combustion. The
combustion pattern (including combustion times,
intervals, and fuel quantity) had a major impact on
the initial and peak values of the wall body’s surface
temperature during each combustion.
(4) Five critical 4ime nodes (t1–t5) were extracted from
the temperature change rate curve to describe the
dynamic changes in the heated wall’s surface temperature. The process was divided into the following
stages: t1-t2 represent the acceleration of surface
temperature increments, t2-t3 were the deceleration
of surface temperature increments, t3-t4 were the
acceleration of surface temperature decrements, t4-t5
were the deceleration of surface temperature decrements, and t5 was a relatively stable state.
(5) Indoor temperature can be increased by 3.3–4.0°C
(as compared to the control room) with the installation of a heated wall. However, the relative and
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absolute humidity values in the experiment room
were relatively higher than those in the comparison
room, which can be explained by the high water
content of the ﬁrewood and building materials used
to build the heated wall.

Nomenclature
Δt1: Amplitude of temperature variation during one
combustion °C
Δt2: Temperature diﬀerence in peak value between two
adjacent combustions °C
Δt3: Temperature diﬀerence in initial value between two
adjacent combustions °C
Ti: Ignition of the fuelwood
Ts: Firewood no longer added
Tf: Open ﬁre stopped and ﬂue closed
t1: Beginning of the temperature rise in the wall

t2:
t3:

Peak speed of the temperature increase reached
Beginning of wall temperature reduction and peak wall
temperature reached
t4: Peak temperature reduction reached
t5: Tendency towards stable wall temperature
ai: Temperature change rate at time i °C/min
Ti: Surface temperature of the heated wall’s exterior
surface at time i °C
Δt: Data sampling interval in min.
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