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Abstract: The intermittent heating mode of Kang plays an important role in the heat storage and
release in cave dwellings. However, research on the effect of Kang heating on the thermal process of
traditional buildings is rare. Therefore, based on long-term monitoring of cave dwellings, regular
conclusions about the influence of Kang heating on the thermal environment were obtained. Further-
more, an unsteady heat transfer model of the envelope was proposed for the first time. Then, based on
this model, the thermal storage performance of cave dwellings during the period of Kang intermittent
heating was explored. The results showed that, due to Kang heating, the indoor air temperature of
cave dwellings could be increased by an average of 3.1 ◦C. Furthermore, the inner walls had a large
thermal mass and the maximum heat storage in a single day was 487.75 kJ/m2, while the maximum
heat release was 419.02 kJ/m2. The heat release at night could reach 87%. In this paper, the law of
thermal storage and release characteristics of earthen building envelopes under intermittent heating
was firstly obtained. Results can enrich the thermal process theory of earthen buildings and provide
a theoretical basis and technical support for building thermal environmental construction.

Keywords: underground cave-dwelling; indoor thermal environment; thermal storage characteristics;
Kang intermittent heating; unsteady heat transfer model

1. Introduction

With the background of global warming and carbon neutralization, it is necessary to
excavate low-carbon and sustainable development strategies from traditional dwellings.
Due to recyclability, low energy consumption, and low hidden carbon footprint, the tradi-
tional earthen buildings were considered as economically and environmentally sustainable
buildings. A series of studies on earthen buildings has been carried out [1–5]. In China,
there is a special earthen dwelling—the cave dwelling (nearly 90% of its structure built
with earth), widely distributed in the cold Loess Plateau, which is the most extant form of
ancient cave dwellings in the world [6]. Because of its good climate adaptability and low
energy consumption, as of the end of the 20th century, more than 40 million people still
lived in cave dwellings [7,8]. Therefore, increasing interest in cave dwellings has emerged
in recent decades.

Current research on cave dwellings mainly has focused on two aspects. One is to
obtain the thermal response of cave dwellings to outdoor climate through thermal envi-
ronment monitoring. For example, in western Henan and Shanxi regions where the cave
dwellings are densely distributed, a series of studies for different types of cave dwellings
was conducted by Zhu’s research group [8–11] and Liu’s research group [6,12,13], and
the thermal characteristics of local traditional cave dwellings were acquired. The results
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showed that the fluctuations of the indoor thermal environment have been effectively
suppressed by the heavy wall, and a stable indoor thermal environment was maintained.
On the other hand, scholars focused on the thermal feelings of the residents in the cave
dwellings, and a large number of studies on the thermal comfort of the cave dwellings was
conducted. For example, based on Fanger’s thermal comfort theory, the thermal comfort
levels of cave rooms were evaluated by Li Xueping et al. [14,15]. The results indicated that
the effects of ambient environment fluctuations on indoor conditions were effectively damp-
ened to create a stable indoor thermal environment. Although there was still a small part
of the time that failed to meet the existing standards, the study by Chengcheng Xu showed
that traditional dwellers were more tolerant to harsh environments than the residents in
urban regions. In addition, scholars found that earthen buildings present advantages in
terms of thermal properties, due to their mass, thermal inertia, and moderated thermal
conductivity. Furthermore, together with the high hygroscopicity of the earth, the indoor
hygrothermal balance could be promoted [16,17].

It should be noted that unlike modern heating facilities relying on fossil fuels, the
heating of cave dwellings uses biomass as fuel, including straw, stalks, wood and or other
biomass, which are abundant in rural areas [18]. Biomass fuel has the advantages of
renewable characteristics, but the disadvantages are also very obvious. In other words, a
Kang often runs intermittently and cannot provide continuous and stable heat. However,
previous research suggested that despite intermittent heating of the Kang, the indoor
environment of the cave dwelling remained relatively stable [11]. This means that not
only can the outdoor environment fluctuation be suppressed but also the influence of the
fluctuation of the indoor heat source on the indoor thermal environment. An unsteady heat
source needs heat storage equipment to maintain its stability [19]. Using the thermal mass
of buildings’ envelopes as thermal energy storage (TES) is a cost-effective solution [19].
Kang has a certain heat storage capacity. Scholars have conducted a series of studies
where improvements of Kang on the thermal performance were carried out [20–24]. The
recently improved Kang can reach a comprehensive heat efficiency between 70 and 80% [25].
However, the hourly heat dissipation of the Kang obtained by Xing Chaojie showed that the
heat dissipation of the Kang still had large volatility, the Kang’s combustion heating could
only last for 2 h, and the heat storage capacity of the Kang itself was not enough to maintain
the stability of the indoor thermal environment [11]. At present, many studies choose to
use new materials, such as PCM [26–32] or CaO [33–36], as thermal storage materials, but
additional investment costs are required by the new materials. The large thermal mass
of the earthen envelope makes it the most suitable thermal storage equipment in cave
dwellings. However, the research on the heat storage capacity of cave walls is still lacking.

The studies on the thermal characteristics of the earthen building envelope showed that
the envelope of earthen buildings was usually thick, with large thermal mass and thermal
inertia, which made the wall have good attenuation and delay characteristics [13,37]. Thus,
the indoor air temperature was less influenced by the outdoor temperature, maintaining
thermal stability. Therefore, the thermal performance calculation of the cave envelope is
particularly important. Generally, there are two approaches, namely, the analytical method
based on integral transformation and the numerical method based on finite difference
or finite element [38–42]. For example, the recommended insulation thickness values to
achieve heat preservation in the winter and heat insulation in the summer were given by
Meng Chen [43], and the damping ratio of different thicknesses was obtained by Liu [12].

The above literature presenting most of the research on traditional cave dwellings
has focused on the measurement and evaluation of thermal environments to excavate the
thermal response of cave dwellings to outdoor climates. However, the response of wall
heat storage characteristics to indoor heat source fluctuation is still lacking. To address the
research gaps, a typical underground cave dwelling in the Yuxi area of northern China was
used, for which the thermal environment parameters were monitored during the period
of Kang intermittent heating. Furthermore, a calculation model for the unsteady heat
transfer of the heavy wall was established based on the harmonic response method. The
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quantitative data on the thermal storage performance of the wall of the caves was obtained.
The novelty and scientific significance of this paper are to focus on the response of cave
walls to indoor heat sources, the law of thermal storage, and release of the heavy wall
under intermittent heating by biomass heating, which was revealed through quantitative
data, providing a reference for exploring using the thermal mass of building envelopes as
thermal energy storage.

2. Materials and Methods
2.1. Selection of the Case Studies
2.1.1. Analyzed Settlement: Miaoshang Village

The loess of western Henan is usually alluvial loess. The soil is compact and boasts
characteristics that include earthquake resistance, compression resistance, and convenience
for vertical excavation construction, providing favorable soil conditions for the construction
of cave dwellings, as shown in Figure 1. Considering the influence of the surrounding
landforms and historical development, underground cave dwellings gradually became
the main form of housing in Shan County of Sanmenxia city. The underground cave
dwellings in Shan County have a long history of several hundred years. There are nearly
100 underground cave-dwelling villages, and each village has a relatively concentrated
distribution of underground cave dwellings. In March 2013, Miaoshang Village was
recognized by the State Council, adding to the seventh group of National Crucial Cultural
Relics Protection Units. Therefore, under this condition of protection and renewal, the study
of sunken courtyards and the dynamics of their protection in modern society would have
broad significance. The underground cave dwellings with hundreds of years of existence
in Miaoshang village, Shan County were selected for this study in which the thermal and
humid environments in cold climate conditions were field-measured.
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Figure 1. The distribution diagram of cave dwellings in western Henan.

2.1.2. Geographical Position and Climate Features

Sanmenxia city is in the western Henan province along the shore of the Yellow River.
Considering the influence of the larger tributaries of the Yellow River (Qinglong River and
Canglong River), this area contains various topographies and geomorphologies, mainly in
the mountains, loess hills, and loess tablelands. The villages are primarily concentrated in
the loess tableland, and most of the dwellings are earthen cave dwellings.

Sanmenxia, a city with four distinctive seasons, is hot and rainy in the summer while
cold and dry in the winter and belongs to the cold climate regions of China (Figure 2). The
annual temperature and humidity distribution are shown in Figure 3a. The hottest month
is July with an average temperature of 24.8 ◦C and average relative humidity of 81%. The
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coldest month is January with an average temperature of −1.0 ◦C and average relative
humidity of 62%. In recent decades, the annual rainfall has decreased and continues to
show a decreasing trend. As shown in Figure 3b, the rainfall in the summer is relatively
concentrated, accounting for 47.4% of the total rainfall in the whole year, whereas rainfall
in the winter is infrequent, accounting for only 3.2% of the total rainfall. The frost-free
period lasts 215 days, the annual duration of sunshine is approximately 2261.7 h, and the
total annual solar radiation is 5274 MJ/m2, ranking this city as a Class III city for solar
energy resources.
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2.1.3. Building Description: Analyzed Underground Cave Dwellings

The underground cave dwellings were often constructed using local construction
techniques. A diagram of an underground cave room structure is shown in Figure 4. The
closed courtyard was excavated vertically from the ground at a depth of approximately
5–8 m and the plane dimension can be up to 15 m × 15 m. Next, the soil walls around the
courtyard were horizontally excavated to form the cave rooms. A ramp was built in one
of these cave rooms (Figure 5a) as the entrance connecting to the ground level. The water
ripples and saw-tooth patterns were etched only on the facade, as shown in Figure 5b, or on
affixing bricks to prevent the scouring of rain and wind, enhancing the stability of the cave
dwelling and ensuring the safety of the residents. The wall around the top of the facade
acts as a parapet and prevents people and livestock from falling into the yard in addition
to blocking the rain. The roof of the parapet is a shield that guides the flow of rainwater
and protects the facade from scouring. There was a Kang installed in the back of the cave
rooms monitored in this study. The chimney is located close to the wall and reaches ground
level through the soil cover layer. The hood at the top of the chimney protects it from the
wind and rain. A water well and dry well are located in the courtyard for water storage
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and drainage. Fruit trees were often planted in the courtyard, which not only aesthetically
enhanced the environment but also provided wind and rain protection as well as shade,
creating a favorable micro-environment (Figure 5c).
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Two underground cave dwellings with the same orientation (east-facing) and the same
architectural structure in Miaoshang village, Shan County, Sanmenxia city were selected
for monitoring. One of these dwellings is equipped with a Kang (located as shown in
Figure 6a; this dwelling is abbreviated as “KCD”). The Kang-body is connected to the west
internal wall and the south-facing wall. The chimney is close to the west internal wall.
The other dwelling is without a Kang (abbreviated as “NKCD”). The interior and outdoor
environments are shown in Figure 6b,c, respectively. Wooden single-glazed double doors
and two non-openable single-glazed wooden windows are located on the external wall.
The thermal properties of the envelopes and other pertinent building information are listed
in Tables 1 and 2, respectively.
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Table 1. Thermal properties of envelopes.

Layers Thickness
(mm)

Density
(kg/m3)

Conductivity
(W/m·K)

Specific Heat
(kJ/kg·K)

Heat Storage
Coefficient
(W/m2·K)

Thermal
Inertia

External wall

6.63
Plaster 20 1800 0.93 0.84 10.11
Loess 260 1821 1.41 1.84 13.49
Brick 60 1668 0.43 750 6.25

West internal wall
65.50Plaster 20 1800 0.93 0.84 10.11

Loess 4500 1850 1.41 1.84 13.49
South side wall

21.99Plaster 20 1800 0.93 0.84 10.11
Loess 1500 1850 1.41 1.84 13.49

North side wall
28.95Plaster 20 1800 0.93 0.84 10.11

Loess 1980 1850 1.41 1.84 13.49
Windows

Single-layer
glass 3 2500 0.76 0.84 10.69

Door
Wood 50 500 0.14 2.51 3.85

Table 2. Building information of two cave rooms with same orientation.

Cave
Names

Span
(mm)

Depth
(mm)

Height of
Arch Rise

(mm)

Height of
Side Wall

(mm)

Thickness
of Cover

Soil (mm)

Thickness
of External
Wall (mm)

Shape
Coefficient

Window
Wall Ratio

NKCD 3000 8400 1200 1800 4500 340 8.4 0.28
KCD 3200 7600 1200 1800 4500 340 7.6 0.28

2.2. On-Site Measurement

In this study, the on-site measurement was carried out in the coldest time of the year.
The winter of Miaoshang village lasts from December to March, and normally the coldest
period occurs in January. Hence, this research was conducted from 23 to 28 January 2019.

During the monitoring period, all the doors and windows of the cave rooms, which
were uninhabited, were kept closed except when it was necessary to enter the room to add
wood to burn in the Kang and record data. The mode of burning in the Kang followed local
custom, as shown in Table 3. Indoor and outdoor air temperature and humidity, surface
temperature, and air velocity were measured. Meanwhile, outdoor air temperature and
humidity, air velocity, and illuminance were measured. All the measuring instruments
were listed in Table 4, and the data were recorded at 10 min intervals.

Table 3. The way of burning Kang.

Date 23 January 24 January 25 January 26 January 27 January 28 January

Way of burning
Adding wood

Burning at
9:00–10:00

Adding wood
Smoldering

Adding wood
Smoldering No adding No adding No adding

The measurement points in the NKCD and KCD were arranged similarly to ensure
the comparability of the test results. Five points from the door to the back of the room
and three points at different heights of the room along the height were evenly distributed
according to the Standard for Energy Efficiency Test of Residential Buildings [44]. The
parameters of the outdoor thermal environment were measured with points located on a
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tree in the courtyard 1.5 m from the courtyard ground. Details regarding the arrangement
are shown in Figure 7.

Table 4. Monitored data and technical specifications of measuring instruments.

Monitoring
Parameters Instrument Name Measurement

Range Accuracy Resolution

Air temperature and
relative humidity Fluke 971

temperature:
−20~60 ◦C

relative humidity:
5~95%

temperature:
±0.5 ◦C (0~45 ◦C)

±1.0 ◦C (−20~0 ◦C, 45~60 ◦C)
relative humidity:
±5% (<10%, >90%)

temperature:
0.1 ◦C

relative humidity: 0.1%

Surface temperature Testo 830-S1 −30~350 ◦C ±1.5 ◦C (10~90%) 0.1 ◦C
Wind

velocity Testo 405-V1 0–10 m/s ±0.1 m/s ± 5% reading (<2 m/s)
±0.3 m/s ± 5% reading (>2 m/s) 0.01 m/s

Illuminance HT-1318 0~400 k Lux

± 3% rdg ± 5% f.s.
(<10,000 Lux);

± 4% rdg ± 10% dgts.
(>10,000 Lux);

1 Lux
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2.3. Theoretical Calculation
2.3.1. Fourier Series Expansion of Double-Sided Thermal Effect

A comprehensive outdoor temperature expresses the thermal effect of the outdoor air
temperature, solar radiation, ground reflection radiation, longwave radiation, and atmo-
spheric longwave radiation on the external surface of the wall. Therefore, it is more accurate
to analyze the heat transfer of the external walls using this comprehensive outdoor temper-
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ature as the outdoor thermal effect. According to References [45,46], the comprehensive
outdoor temperature can be calculated using Equation (1).

tz = ta +
qU + qR

αa
− qe

αa
(1)

where ta is the outdoor dry-bulb temperature in ◦C, qU is the solar radiation in W/m2,
qR is the ground reflection in W/m2, αa is the total surface heat transfer coefficient of the
external wall in W/m2·K, and qe is the nocturnal radiation in W/m2.

To ensure the fitting accuracy of the comprehensive outdoor temperature, the discrete
comprehensive outdoor temperature was expanded using the Fourier series with the
combination of six multi-harmonic solutions with π/12 as the fundamental frequency.

The Fourier series expansion of comprehensive outdoor temperature is

tz, f = 3.26 + 6.77 sin
(
π
12 τ + 4.20

)
+ 2.30 sin

(
π
6 τ + 1.64

)
+0.05 sin

(
π
4 τ + 2.54

)
+ 0.71 sin

(
π
3 τ + 4.55

)
+0.32 sin

(
π
2 τ + 0.59

)
+ 0.52 sin

( 7π
12 τ + 2.79

) (2)

The Fourier series expansion of indoor temperature in NKCD is

tnr, f = 6.97 + 0.91 sin
(
π
12 τ + 3.59

)
+ 0.22 sin

(
π
6 τ + 0.28

)
+0.16 sin

(
π
4 τ + 1.49

)
+ 0.11 sin

(
π
3 τ + 4.43

)
+0.05 sin

(
π
2 τ + 5.14

)
+ 0.05 sin

( 7π
12 τ + 0.4

) (3)

The Fourier series expansion of indoor temperature in KCD is

tkr, f = 7.86 + 1.78 sin
(
π
12 τ + 3.78

)
+ 0.68 sin

(
π
6 τ + 1.87

)
+0.20 sin

(
π
4 τ + 1.99

)
+ 0.11 sin

(
π
3 τ + 5.40

)
+0.20 sin

(
π
2 τ + 5.14

)
+ 0.18 sin

( 7π
12 τ + 1.70

) (4)

According to Equations (2)–(4), Fourier fitting curves were obtained, as shown in
Figure 8.
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Figure 8 shows that the fitting curves expanded using Fourier series in six multi-
harmonic solutions coincides with the discrete value very well. This indicates that the
functions of the Fourier series expansion can accurately represent the fluctuations in the
indoor and outdoor thermal effects.

2.3.2. Heat Transfer of the Heavy Wall under Double-Sided Thermal Effect

Based on the thermal inertia of the wall, the indoor and outdoor temperature waves are
attenuated and delayed during the thermal transfer through the external wall. Therefore,
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the heat flux of the external wall can be considered as the difference between the following
two conditions, as shown in Figure 9.
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(1) When the indoor air temperature tr = 0, the comprehensive outdoor temperature
is attenuated and delayed. The unsteady heat transfer from the outside to the inside is

q1(τ) = k

[
−αr

k

N/2

∑
n=1

Aan

νyn
sin
(
ωnτ + ϕan − ψyn

)
− tz

]
(5)

where k is heat transfer coefficient of the wall in W/ (m2·K); αr is convective heat transfer
coefficient in W/ (m2·K); n is an order of harmonic 1, 2 . . . 6; N is the number of discrete
points in the period with value of 24; Aan is the amplitude of each harmonic of outdoor
thermal waves; ϕan is the initial phase of each harmonic of outdoor thermal waves; ω is
the harmonic frequency of each; νyn is attenuation multiple of sine temperature wave with
different frequencies on the outdoor of the wall determined by Equation (6); ψyn is delay
phase of sine temperature wave with different frequencies on the outdoor of the wall; and
νyn and ξyn are the thermal frequency response of heat transfer of wall.

νyn = αr|B(iωn)| = αr

√
B(iωn)2

Res + B(iωn)2
Im (6)

ψyn =
2π
T

ξyn = arctan
[

B(iωn)Im
B(iωn)Res

]
(7)

where ξyn is the delay time of sine temperature wave with different frequencies on the
outdoor of the wall, B(iωn)Res and B(iωn)Im are the real and imaginary parts of the B
element in the wall Heat Transfer Matrix (the solving method of Heat Transfer Matrix is
shown in References [45,46]), and T is cycled with a value of 24.

(2) When the outdoor air temperature tz = 0, the comprehensive indoor temperature
is attenuated and delayed. The unsteady heat transfer from the inside to the outside is

q2(τ) = k

{
αr

k

N/2

∑
n=1

Arn

[
1

νzn
sin(ωnτ + ϕrn − ψzn)− sin(ωnτ + ϕrn)

]
− tr

}
(8)

where νzn is attenuation multiple of sine temperature wave with different frequencies on
the indoor of the wall determined by Equation (9), ϕrn is the initial phase of each harmonic
of indoor thermal waves, ψzn is delay phase of sine temperature wave with different
frequencies on the indoor of the wall, and νzn and ψzn are the thermal frequency response
of heat transfer of wall.

νzn =
|B(iωn)|
|B0(iωn)|

(9)

ψzn =
2π
T

ξzn = arctan
[

B(iωn)

B0(iωn)

]
(10)



Processes 2022, 10, 595 10 of 21

where ξzn is the delay time of the sine temperature wave with different frequencies at the
internal side of the wall.

The heat flux through the wall q is obtained by the following equation.

q(τ) = q1(τ)− q2(τ)

= k
(
tr − tz

)
− αr

N/2
∑

n=1

Aan
νyn

sin
(
ωnτ + ϕan − ψyn

)
− αr

N/2
∑

n=1
Arn

[
1

νzn
sin(ωnτ + ϕrn − ψzn)− sin(ωnτ + ϕrn)

] (11)

According to Equation (11), under the effects of periodic thermal effect, the unsteady
heat transfer through the external wall can be a result of three aspects (Figure 10):
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Figure 10. Schematic diagram of heat transfer calculation.

The steady heat transfer is caused by the difference between the average comprehen-
sive outdoor temperature and the average indoor air temperature,

qs = k
(
tr − tz

)
(12)

the additional heat transfer due to the effect in the comprehensive outdoor temper-
ature fluctuation,

qa = −αr

N/2

∑
n=1

Aan

νyn
sin
(
ωnτ + ϕan − ψyn

)
(13)

and the additional heat transfer due to effect in the indoor air temperature fluctuation,

qr = −αr

N/2

∑
n=1

Arn

[
1

νzn
sin(ωnτ + ϕrn − ψzn)− sin(ωnτ + ϕrn)

]
(14)

2.3.3. Unsteady Heat Transfer Model Validation

To analyze and verify the model, heat flux data of the external wall collected on
23 January were selected for comparison. The differences between the simulated and
measured data during this period are presented in Figure 11.
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The normalized mean bias error (NMBE) and the coefficient of variation (CV) of the
root mean square bias error (RMSE) were used to evaluate the consistency of the normalized
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mean bias error (NMBE). The NMBE value indicates the existence of systematic error or
deviation, while CV (RMSE) is a powerful indicator of simulation accuracy [47]. NMBE
and CV (RMSE) are defined as follows:

NMBE(%) =
∑n

i=1
(
tip − tim

)
n− 1

× 1
tm
× 100 (15)

CV(RESM)(%) =

√
∑n

i=1
(
tip − tim

)2

n− 1
× 1

tm
× 100 (16)

where tip is the simulated temperature of node i, tim is the monitored temperature of node i,
tm is the arithmetic mean of a sample of n measured data, and n is the number of monitored
data points (temperatures) during the monitoring period.

The NMBE value of 5.22% and the CV (RMSE) value of 17.35% were far below the
requisite specified maximum of 25% [47]. Hence, the NMBE and CV (RMSE) parameters
verified the validity of the model for calculating the heat flux of the wall, based on the
mathematical model, and the thermal characteristics of the Kang can be further optimized.
Based on the unsteady heat transfer model, the thermal performance of the external wall
can be further analyzed.

The traditional unsteady heat transfer model usually only considers the influence of
the fluctuation of the outdoor thermal disturbance, while the indoor and outdoor double-
sided thermal effect were considered in the unsteady heat transfer model established in
this paper. At the same time, the influence of the double-sided thermal effect on the heat
transfer of the wall was split, which makes the relationship between the heat transfer and
the thermal effect of the wall clearer and provides a theoretical basis for the heat transfer
and storage analysis of the heavy wall.

3. Results and Discussion
3.1. Thermal Performance of Cave Rooms under the Biomass Heating

The heavy envelope acts as an important heat storage mass for the cave rooms due to
the advantage of having a slow heat storage-release rate. Part of the heat from the Kang
is directly transmitted to the indoor air to increase the indoor air temperature through
convection between the Kang-body and indoor air. The rest of the heat is stored in the
wall through thermal radiation and conduction and is gradually released into the room
through convection between the wall and air when the indoor temperature drops. Because
these walls play an important role in maintaining a stable indoor temperature, the thermal
performance of the cave rooms heated by this heat charging and discharging of the heavy
walls was analyzed based on the measured data.

3.1.1. Thermal Environment of the Underground Cave Dwellings

In this study, the temperature and relative humidity in the NKCD and KCD
were quantitatively analyzed to verify the effectiveness of Kang heating, as shown in
Figures 12 and 13, respectively.

Figure 12 shows that the outdoor temperature varied by 15.9 ◦C (from −6.8 ◦C to
9.1 ◦C) during the monitoring period, whereas the indoor temperature fluctuated by
4.1 ◦C (from 4.5 ◦C to 8.6 ◦C) in the NKCD and 7.3 ◦C (from 5.2 ◦C to 12.6 ◦C) in the
KCD. Compared with the large fluctuation in the outdoor air temperature, the indoor air
temperature in the cave rooms was relatively stable. In addition, the indoor temperature
in the KCD was higher than that in the NKCD during the monitoring period, in which
the temperature differences were large in the middle period (24–26 January) and then
decreased in the later period (27–28 January). Due to the Kang heating, the indoor air
temperature of the cave dwelling was increased by an average of 3.1 ◦C.
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The heated indoor temperature was calculated to be 14 ◦C with a favorable relative
humidity between 30% and 70%, according to the Design Standard for Energy Efficiency
of Rural Residential Buildings. In a psychrometric chart, this relative humidity range was
divided into four sections: comfort zone (t ≥ 14 ◦C), weak cold zone (14 ◦C > t ≥ 10 ◦C),
medium cold zone (10 ◦C > t≥ 6 ◦C), and strong cold zone (6 ◦C > t). As shown in Figure 13,
the air-state measurement points in the NKCD and KCD did not reach the comfort zone.
However, with the heat provided by the Kang, the thermal environment of the cave rooms
improved and 42% of the entire monitoring period in the KCD maintained a temperature
within the weak cold zone, whereas only 0.05% of the period saw temperatures in the strong
cold zone. In contrast, in the NKCD, the air-state measurement points did not even reach
the weak cold zone and 26% of the monitoring period remained in the strong cold zone.

3.1.2. Spatial Distribution of Indoor Air Temperature

Due to the ample space in the cave rooms, there was a temperature difference within
the cave rooms. Here, the spatial distribution of the indoor air temperature along the depth
and height of the rooms was analyzed. The distribution of the indoor air temperature
within the room according to the daily average value obtained from the monitored data is
shown in Figure 14.

Figure 14a shows that the indoor air temperature distribution in the NKCD is relatively
uniform along with the depth of the room, with a temperature difference between the point
furthest from the door and the point nearest to the door ranging between 0.1 ◦C and 0.5 ◦C.
However, the indoor air temperature in the KCD increased obviously and had a maximum
temperature difference of 1.4 ◦C. The heat accumulation due to the Kang burning resulted
in the large temperature difference within the room.
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Figure 14b shows that the indoor temperature increases with the increase in height
within the room. The rate of increase in the temperature per meter of height at the bottom
space of the room (the area between the heights of 0.6 m and 1.1 m) in the cave rooms was
relatively high. This rate in the NKCD ranged between 0.5 ◦C/m and 1.3 ◦C/m, whereas it
ranged between 1.0 ◦C/m and 1.4 ◦C/m in the KCD. Comparatively, the rate of increase
in the temperature per meter of height at the middle of the room (the area between the
heights of 1.1 m and 1.7 m) was relatively low, ranging between 0.1 ◦C/m and 0.2 ◦C/m
in the NKCD and −0.1 ◦C/m and 0.3 ◦C/m in the KCD. During four days of monitoring
the KCD, there was a drop in temperature along with the height of the room, indicating
that the rate of increase in the temperature per meter of height was higher at the bottom
region of the cave rooms than at the middle region. According to the statistical data, the air
temperature was on average 0.9 ◦C higher than the surface temperature of the walls at the
height of 1.7 m, whereas at the height of 0.6 m, the temperature was only 0.1 ◦C higher than
the surface temperature in the KCD. In the NKCD, this temperature difference at 1.7 m was
1.3 ◦C and 0.9 ◦C at 0.6 m.

3.2. Thermal Storage Performance of the Heavy Wall
3.2.1. Heat Flux of the Wall

To study the effect of the heavy wall heat charging/discharging on the indoor environ-
ment, the heat flux values of the inner wall surface of the NKCD and KCD were obtained,
as shown in Figure 15.

From Figure 15a, it can be seen that, whether there was Kang heating or not, the
heat flux of the east wall connected to the outside was positive, and the average values
were 21.57 W/m2 (NKCD) and 17.61 W/m2 (KCD), respectively. Kang heating has a great
influence on the heat flux of the inner surface of the west wall. Except for the positive value
of the first day, the rest were all negative values, and the average values were respectively
3.48 W/m2 (NKCD) and −5.89 W/m2 (KCD) (Figure 15b). When there was no Kang
heating, the heat flux of the inner surface of the two side walls was positive, indicating
the heat loss from the room. However, when the Kang was burning, the heat flux of the
inner surface to the south wall was negative in the later period and heat was released to the
room. The average value was −0.31 W/m2, while that of the north wall was still positive.
Comparing the heat flux of the inner surface of the four walls, it can be seen that, because
the east outer wall was connected to the outdoor environment, it was the main wall of
indoor heat loss, while the west inner wall far away from the outdoor environment became
the main wall for heating when the Kang was burning.
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3.2.2. Thermal Storage of the Inner Wall

Statistics were calculated on the heat storage and release of the wall, as shown in
Figure 16. As the east external wall is connected with the external environment and not
an indoor thermal storage structure, the east external wall was not considered in the
calculation of heat storage and release.
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It can be seen in Figure 16a that, during the test period, the heat storage of the wall
showed a gradual decrease trend. The maximum heat storage of KCD appeared on the first
day, and the value was 672.59 kJ/(m2). The maximum heat storage of NKCD appeared
on the second day, and the value was 741.92 kJ/(m2). In addition, comparing the heat
storage of each wall, it can be found that the largest heat storage in KCD was the north
side wall, while the largest heat storage in NKCD was the south side wall, and the heat
storage of the north side wall in NKCD was slightly lower than that of the south side
wall. As shown in Figure 16b, the wall of KCD released the heat every day during the test
period, and the value was between 93.29 kJ/(m2) and 419.02 kJ/(m2). However, only a
small amount of heat was released from the wall of NKCD in the later periods of the test,
and the max heat release was 134.03 kJ/(m2). Comparing the heat release of the four walls
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in the KCD, it can be found that the west inner wall was the main heat release wall, and the
heat release was stable, followed by the south side wall, which began to release more heat
in the later periods.

The release-storage coefficient r (ratio of heat release to storage) is introduced to
illustrate the thermal storage-release characteristics. As can be seen in Figure 16, the period
of heat storage-release was long in the cave rooms; therefore, the whole monitoring period
was taken as the unit time. The statistics of the release-charge coefficient r for each inner
wall surface are shown in Figure 17.
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As shown in Figure 17, the release-storage coefficient of the inner wall in KCD rose
slowly. On the third day, the release-storage coefficient began to be greater than 1 and then
rose rapidly. Relatively, the release-storage coefficient of the inner wall in NKCD was close
to 0 in the early period and suddenly rose sharply in the later period. This indicates that
the KCD stored heat in the early period and released it to the indoor air slowly when the
outdoor temperature dropped in the later period, keeping the indoor temperature stable.
In the NKCD, the release-storage coefficient was basically 0 in the early period, indicating
that the heat stored in the wall was basically lost by heat conduction into the earth. In
addition, because the heat storage of the NKCD in the later period was also small, although
the release-storage coefficient was relatively large, the heat release was still less, which was
not enough to maintain the indoor air temperature.

3.2.3. Heat Release of Walls during the Night

Due to the lack of solar irradiance during the night, the heat release of the wall becomes
the only heat source, rendering it essential for maintaining the indoor air temperature.
Therefore, the heat release during the night was evaluated, as shown in Figure 18. Accord-
ing to the time of sunrise and sunset in Sanmenxia city, the day period was set as 08:00 to
18:00 and the night period was set as 18:00 to 08:00 the next day.
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As shown in Figure 18, during the entire monitoring period, heat was released during
the night in the KCD, and the total heat released from the inner wall ranged between 36.07
and 366.377 kJ/m2, which is greater than that in the NKCD. This indicates that the heat
release performance of the KCD at night was better than that of the NKCD. Comparing
the heat release of the four walls of the KCD, it can be found that, in the early and middle
periods of Kang burning, the west inner wall was the main heat-releasing wall at night.
In the later period of Kang burning, however, the heat release of the south and north side
walls gradually increased and became the main heat discharging walls. There was no heat
release from the east wall at night.

3.3. Thermal Performance of the Heavy Wall under Double-Sided Thermal Effect

According to the analysis above, the thermal storage-release characteristic of the
external wall was relatively poor compared with the internal wall. However, as the only
wall directly connected to the outdoor environment, the external wall plays an important
role in dampening the influence of the outdoor environment fluctuations on the indoor
thermal environment. Therefore, monitoring data for 23 January were selected for analysis
and based on the harmonic response method and established the analytical solution of
unsteady heat transfer of the external wall under double-sided thermal effect.

3.3.1. Thermal Frequency Response of the External Wall

Because the indoor and outdoor thermal effects were expanded to six orders, the at-
tenuation multiple and delay time of the first six orders of the temperature were calculated.

As shown in Table 5, for the first-order harmonic, the delay time in the thermal
frequency response of heat transfer of the external wall was 12.22 h, and with the increase
in order, the attenuation multiple of the heat transfer increased exponentially, and the delay
time decreased rapidly. In contrast, the attenuation multiple of the endotherm increased
slowly, and the delay time decreased slowly.

Table 5. Thermal frequency response of the external wall of selected underground cave-dwelling.

Orders

Thermal Frequency Response of Heat Transfer Thermal Frequency Response of Endothermic

Attenuation
Multiple Delay Time (h) Delay Phase (rad) Attenuation

Multiple Delay Time (h) Delay Phase (rad)

1 42.28 12.22 3.20 1.27 0.44 0.12
2 158.86 8.71 4.56 1.32 0.31 0.16
3 438.96 7.14 5.61 1.37 0.26 0.21
4 1037.00 0.21 0.22 1.42 0.23 0.24
5 2220.40 0.77 1.00 1.47 0.21 0.27
6 4434.50 1.09 1.71 1.52 0.19 0.30

3.3.2. Composition of Unsteady Heat Transfer of the External Wall

According to Equations (11)–(14), the steady heat transfer (qs) and the additional heat
transfer (qr and qa) caused by the fluctuations in the double-sided thermal effect of the
external wall of the KCD can be obtained, as shown in Figure 19. Here, the heat transfer
components and superposition process of the external wall are displayed, in which the
positive value implies that heat flows out from the inside to the outside and the negative
value implies that heat flows inside from the outside.

Figure 19 shows that with the use of Kang heating, the unsteady heat transfer of
the external wall can be considered as the superposition of the additional heat transfer
(qa) caused by outdoor thermal effect, the steady heat transfer (qs), and the additional
heat transfer (qr) caused by internal effects. The heat flux is integrated to obtain the heat
transfer of the external wall. It was observed that the external wall was always in a state of
exuding heat to the outside throughout the day. However, there were fluctuations in the
external wall heat transfer that averaged 9.13 W/m2 with an amplitude of 6.07 W/m2. The
maximum heat transfer flux appeared at 14:00 and the minimum appeared at 4:00. The
majority of the heat loss occurred in the daytime, accounting for 66.24% of the total heat
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loss. Although the outdoor environment temperature decreased at night, the cave room did
not lose much heat. The indoor air temperature maintained a small fluctuation throughout
the day.
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3.3.3. Thermal Storage Performance of the External Wall

Although the exterior wall is relatively poor compared with the inner wall, it still has
a large heat storage capacity. Therefore, we compared the heat flux on the interior surface
and heat loss of the external wall of KCD (Figure 20).
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As shown in Figure 20, it can be found that the fluctuation behaviors of heat flux
on the interior surface and heat loss of the external wall are similar. However, the ampli-
tude of the heat flux on the interior surface was 36.54 W/m2, which is much larger than
the amplitude of the heat loss of the external wall, which was 6.07 W/m2. According to
Equations (12)–(15), this phenomenon is caused by the characteristic that the heat transfer
attenuation of the heavy wall is much larger than the heat absorption attenuation. Integrat-
ing the two curves shows that the difference between the heat storage and the release of
the inner wall surface is 1388.02 kJ/m2, and the difference between the heat flowing out to
the outside through the external wall and the heat flowing into the inside is 789.01 kJ/m2,
resulting in a difference between these two values of 599.01 kJ/m2. Considering the favor-
able heat storage performance of soil materials, it was inferred that this heat was stored in
the wall, confirming that soil cave walls have good heat storage performance.

4. Conclusions

Kang heating is intermittent, and when combined with the thermal storage perfor-
mance of the heavy wall, a favorable indoor thermal environment can be obtained. Based
on the monitoring data of the thermal environment in the underground cave dwellings, the
thermal environment of the cave rooms and the thermal storage performance of wall
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was analyzed quantitatively, and the analytical solution of unsteady heat transfer of
the external wall under double-sided thermal effect was established and revealed the
thermal storage performance of the wall and mechanism of maintaining indoor thermal
environment stability.

In the analysis of the thermal performance of the underground cave dwellings, the
variation in the indoor air temperature in time and its distribution in space were determined.
Due to Kang heating, the indoor air temperature of cave dwellings could be increased by
an average of 3.1 ◦C. However, regardless of whether there was Kang heating or not, the
rate of increase in the temperature per meter of height was higher at the bottom region of
the cave rooms than at the middle region.

A comparative analysis of the thermal storage performance of the inner wall between
the KCD and NKCD demonstrated that inner walls had a large thermal mass with Kang
heating, the maximum heat storage in a single day was 487.75 kJ/m2, and the maximum
heat release in a single day was 419.02 kJ/m2. Moreover, the heat release of the walls
at night could reach 366.377 kJ/m2, and the release-storage coefficient of the wall was
increased significantly with Kang burning, rendering the inner wall an important heat
storage mass for the cave rooms to provide heat to the room at night. The heat provided by
Kang burning could be fully utilized in the cave room.

Based on the harmonic response method and measured data, an unsteady heat transfer
model of the envelope was proposed for the first time. The unsteady heat transfer analysis
of the cave’s heavy wall shows that, considering low outdoor air temperatures, the heat
through the external wall continuously flowed out from the inside. However, the delay
time of the external wall to outdoor temperature wave was 12.22 h, which made the heat
loss through the external wall during the night only 33.76% total, maintaining a stable
indoor thermal environment at night. Moreover, in comparison to heat flux on the interior
surface with heat loss of external wall, the thermal storage of the outer wall in a day could
reach 599.01 kJ/m2.

This study analyzed the indoor thermal environment and the wall’s thermal storage
performance of the underground cave dwelling envelope under Kang intermittent heating.
In addition, based on the unsteady heat transfer model established in this paper, the
thermophysical characteristics and structure of the earthen wall can be further optimized to
improve the thermal comfort of traditional dwellings. Furthermore, as a general calculation
model, the model could provide a theoretical reference for the design of the heavy walls of
modern buildings as heat storage equipment.
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Nomenclature

A amplitude, ◦C
B element in the wall Heat Transfer Matrix
i imaginary unit
k heat transfer coefficient, W/(m2/K)
n initial ordinal
N number of discrete points in the period
q heat flux, W/m2

t temperature, ◦C
T cycle
Greek symbols
α heat transfer coefficient, W/(m2/K)
ξ delay time, h
τ heat dissipation time, h
ν attenuation multiple
ϕ initial phase, rad
ψ delay phase, rad
ω frequency
Subscripts
a outdoor
an outdoor air temperature wave
e nocturnal radiation
f Fourier series expansion
Im imaginary
kr indoor air in cave dwelling with Kang
kr,f Fourier series expansion of indoor air in cave dwelling with Kang
n order of harmonic
nr indoor air in cave dwelling without Kang
nr,f Fourier series expansion of indoor air in cave dwelling without Kang
U solar radiation
r indoor
rn indoor air temperature wave
R ground reflection
Res real
s steady
yn thermal frequency response of heat transfer
z comprehensive
z, f Fourier series expansion of comprehensive
zn thermal frequency response of endothermic
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