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Abstract

In the field of design and application of the energy diaphragm wall (EDW), plenty of research was focused on thermal performances
and induced mechanical behaviors. The coupled heat and moisture transfer process and the induced impact on the adjacent underground
space were lack of attention, which is inevitable due to the high humidity of the surroundings. Therefore, in this paper, a numerical model
taking the gradient of the temperature and relative humidity as the driving potential was established to investigate the characteristics of
the coupled heat and moisture transfer in the EDW. Firstly, the behavior of the coupled heat and moisture transfer in the summer and
winter was investigated separately, and it was compared with the pure thermal model. Results show that the colder the wall surface, the
more humid it is. The heat flux is enlarged by the operation of the EDW. Moreover, the heat flux will be underestimated by more than
3.43% in the heat extraction season and by more than 3.90% in the heat injection case if the moisture transfer is not considered. The
following long-running investigations have revealed that the latent flux reaches its maximum and minimum value in transition seasons,
with a value that is ten times smaller than that of the sensible heat flux. The sensible heat flux reaches 18.7 W/m? in summer, while in
winter it is —27.4 W/m?>. The peak latent heat flux is reduced by 14.7% as a result of the combined effect of changes in surface temperature
and humidity, due to the operation of the EDW. Additionally, the magnitude of these fluxes is affected by the indoor conditions (tem-
perature and relative humidity of the indoor air) and the operating temperature of EDW. Therefore, an orthogonal test is performed to
evaluate how much the discrepancies are induced by variations in those parameters. The impact of each parameter varies across the sea-
sons (summer, transition season, and winter). However, the indoor relative humidity has a more significant influence on the water vapor
flux in all the seasons. This paper provided details about the coupled heat and moisture transfer process in the EDW. Moreover, it
attempts to raise an issue about the impact on the hygrothermal load induced by the heat and moisture flux through the wall surface
when applying EDW in underground engineering.
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1 Introduction environment-friendly and energy-efficient system (Cao
et al., 2015; Yuan et al., 2012). The energy diaphragm wall
Ground source heat pumps (GHSP) are widely (EDW)is a type of heat exchanger of the GHSP, which is a
employed in residential spaces to meet the energy consump- special system with a heat exchanger embedded in the
tion of cooling and heating demand, which is an  underground diaphragm wall such as the basement, under-
ground car parks, metro stations, and shallow light rail
tunnels. The fluid circulates in the pipe branches to realize
* Corresponding author. heat absorption or release (Sterpi et al., 2020).
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In the past twenty years, plenty of research has been ori-
ented toward the thermal, geotechnical, and structural
behavior of EDW, by experimental and numerical
approaches. Early studies mainly made efforts to unravel
the distinct characteristics among the EDW and other
energy geostructures, such as the energy piles and tunnels
(Adam & Markiewicz, 2009; Brandl, 2006, 2013; Laloui
et al., 2006). However, most of the existing research
focused on the assessments of thermal performance and
influencing factors. Xia et al. (2012) made a first attempt
to evaluate the thermal performance of the EDW based
on a field experiment at the Shanghai Museum of Nature
History. They pointed out that the W-shaped pipe config-
uration can achieve a heat exchange rate of 40.3, 66.3,
and 85.0 W/m at the inlet temperature of 32, 35, and
38 °C, respectively. Moreover, by parametric numerical
analyses of the pipe layouts, Sterpi et al. (2014) and
Barla et al. (2020) found that the horizontal arrangement
with appropriate spacing outperformed the vertical layout
in terms of the heat exchange rate. Makasis and Narsilio
(2020) conducted an investigation focused on the pipe con-
figurations (i.e., vertically and horizontally designed) and
their spacing within the wall. The results showed that there
were no thermal profits while varying the total pipe length
(by adjusting the pipe spacing) below approximately
300 mm pipe spacing. Additionally, the affecting factors,
such as boundary conditions, hydro-geological conditions,
concrete thermal properties, and running parameters were
intensively investigated (Di Donna et al.,, 2017, 2021;
Makasis et al., 2018, 2020; Zeng et al., 2021).

Apart from the thermal performance, the thermal-
induced mechanical behavior of the EDW was another
hot spot. Most studies concentrated on the deformation
of the wall with the thermal load. The thermally induced
mechanical effects were not negligible, and they affected
the serviceability of the structure (Habert & Burlon,
2015; Di Donna et al., 2017). Xia et al. (2014) explored
the thermal-induced mechanical behavior of the EDW by
analyzing the characteristics of heat transfer and the
induced thermal stress on the wall cross-section. Bourne-
Webb et al. (2016) investigated the thermal-mechanical
response of EDW with a seasonal fluctuation temperature
condition. Rui and Yin (2018) investigated the wall-soil
interaction behavior by conducting a thermo-hydro-
mechanical (THM) finite element analysis. They concluded
that the seasonal GSHP cycle induced the variation in
bending moment on the wall mainly due to the thermal dif-
ferential across the wall during the winter. Sailer et al.
(2019) stated that the behavior of EDW was highly tran-
sient, owing to the high rates of heat transfer and pore
water pressure dissipation under plane strain assumptions.
Dai and Li (2019) established a THM finite element model
based on an in-situ EDW at Dean Street Station, UK.
Long-term thermal-mechanical performance was discussed
considering the ground consolidation, external thermal
solicitations, and seasonal geothermal operation. More-
over, a scaled experiment for analyzing the variations in

stresses and strains at the wall-soil contact surface was
designed by Dong et al. (2019). Li et al. (2020) pointed
out that the temperature difference inside the wall was
the main reason for the induced thermal stress by a cen-
trifugal experiment.

However, as part of the interior wall of underground
buildings which contact with indoor air, the heat release/
extraction in the diaphragm wall is non-negligible to the
heat and moisture transfer inside and on the surface, which
affects the hygrothermal conditions and heat/humidity load
(Guimaraes et al., 2015; Wang et al., 2018).

The coupled heat and moisture transfer of the envelopes
belongs to the field of heat and mass transfer in porous
media, and its theoretical research has a long history. A
mathematical model of coupled heat and moisture transfer
in porous media was originally proposed by Luikov
(Luikov, 1964, 1975; Luikov et al., 1968), taking tempera-
ture and humidity capacity as the driving potential, the
total pressure, concentration gradient, humidity gradient,
molecular migration, and capillary action were considered
as the affecting factors. Based on the previous works,
Colinart et al. (2016) studied the coupled heat and moisture
transfer in a coated hemp concrete wall by developing a
one-dimensional (1D) model. They emphasized the impact
on the water vapor dispersal through the wall surface
induced by the weather load (sun, UV, rainfall, etc.). Liu
and Huang (2018) analyzed the temperature, relative
humidity, and heat flux through the internal surfaces of
the expanded polystyrene (EPS) external insulation wall
and concrete wall.

Moisture transfer can cause higher latent heat transfer
through the envelopes, which has an impact on basement
energy consumption. Liu et al. (2015) studied the load
through the exterior walls in Chengdu located in a hot-
humid area. They pointed out that ignoring moisture trans-
fer will cause a significant discrepancy in predicting the
conduction loads. Fang et al. (2020) conducted a dynamic
simulation of the hygrothermal behavior concerning exter-
nal insulation walls and concluded that moisture accumu-
lation risk is great at the interface between insulation and
mortar. Xu et al. (2019) investigated the effect of heat
and moisture transfer in internal and external wall insula-
tion configurations. They revealed that indoor relative
humidity significantly affects the heat transfer process.
Wang et al. (2021a) performed a multidimensional analysis
of the heat and moisture transfer at the roof-wall corner in
high-temperature and high-humidity areas. The influenced
zone of the thermal bridge increases by 52.4%, and the
overall thermal transmittance of the building node
increases by about 55%-77% when considering the mois-
ture transfer through the envelopes. Moon et al. (2014)
investigated the impact of moisture transfer on energy effi-
ciency in residential buildings and concluded that the heat-
ing load increased by 4.63% and the cooling load increased
by 11.26%.

The EDW can be utilized as a part of the basement
envelope, where the moisture transfer process is common
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due to the high moisture content of the surroundings.
However, no studies have been oriented toward the cou-
pled heat and moisture transfer in EDW. The seasonal heat
load modes within the heat exchanger embedded in the
EDW shall induce a periodic variation of the heat and
moisture flux through the surface. The relevant research
field lacks attention and the impact on the hygrothermal
conditions of the adjacent underground space is uncertain.
In this paper, a one-dimensional model was established by
the finite difference method (FDM), and performed in the
MATLAB software. Usually, the moisture transfer process
occurs between the surroundings and indoor air in the hor-
izontal direction. Consequently, a 1D model is an effective
tool for predicting the hygrothermal behavior of building
envelopes. Temperature and relative humidity gradient
were adopted as the driving potentials. Firstly, the behav-
ior of coupled heat and moisture transfer in typical cases
(heat injection in summer and heat extraction in winter)
was investigated, and they were compared with the results
of the pure thermal process. The variation of temperature
and relative humidity in the envelopes was analyzed. The
impact on the surface hygrothermal conditions and the
induced heat and moisture flux through the surface were
investigated. Moreover, aiming to reflect the actual long-
time operation situations of the EDW, an investigation
on seasonal heating—cooling cycles was performed. The
surface temperature and relative humidity changes were
presented annually. The induced moisture flux, latent and
sensible heat flux were discussed separately. In addition,
an orthogonal test is performed to evaluate the impact
on the sensible heat flux and moisture flux induced by vari-
ations in the input parameters, including the operating
temperature of EDW and the indoor relative humidity.

2 Model of coupled heat and moisture transfer
2.1 Physical model of the EDW

The profile of the EDW with an adjacent basement is
depicted in Fig. 1. Concrete structures integrated with a

heat exchanger within the diaphragm wall are the main
components, and they are surrounded by soil. In this

Heat exchanger

paper, the coupled heat and moisture transfer and the
effects on the hygrothermal conditions of the inner surface
are the focus of attention. Therefore, only the portion
above the slab is considered. There are four layers of con-
struction. The one exposed to the indoor air is cement mor-
tar, which is 0.01 m in thickness. EPS is implemented as the
insulation material, which connects the layers of concrete
and mortar. The EPS is 0.05 m in thickness, the concrete
layer is 0.6 m, and the soil layer is 1 m (Zeng et al.,
2021). The heat exchanger is located in the center of the
concrete layer (diaphragm wall domain).

The heat exchanger embedded in the diaphragm wall is
a form of heat source, which extracts or injects heat. The
detailed heat transfer process and the boundaries are
depicted in Fig. 2. The temperature and relative humidity
on the right side of the surrounding soil are constant,
which is related to the local geological conditions. The
wall surface exposed to the indoor air is a heat convection
boundary condition. The moisture flow occurred together
with the heat flow. The moisture might be transferred
from the surroundings to the indoor air under natural
conditions due to greater moisture content in the sur-
rounding soil. However, the heat exchanger will induce
a temperature rise or drop corresponding to the heat
injection or extraction seasons, and it affects the magni-
tude of the moisture transfer. The driven potentials (rela-
tive humidity gradient and temperature gradient) are fully
coupled.

The coupled heat and moisture transfer process is a
complex issue in porous materials, which will affect the
hygrothermal properties of the materials (Wang et al.,
2021b). The one-dimensional physical and mathematical
model was established. The following assumptions are pro-
posed for the present research before establishing the math-
ematical model, aiming to simplify the calculation and
improve the computational efficiency.

(1) The EDW was applied in the subsurface shelter where
air conditioning is necessary. Hence, the indoor
hygrothermal conditions are controlled to be a con-
stant value in typical seasons (summer and winter),
regarding the suitability of personnel.

Underground |
space i

W . Layer 1: Mortar (0.01 m)

» Layer 2: EPS (0.05 m)

» Layer 3: Heat exchanger

* Layer 4: Concrete Wall (0.6 m)

Layer 5: Surroundings (1 m)

""" Diaphragm

wall X

-

Underground
surroundings

Coordinate axis

Fig. 1. Schematic of the EDW and the dimensions of each layer in the selection plan.
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Fig. 2. Schematic of the coupled heat and moisture transfer process.

(2) As the EDW was deep-buried, the influence of mete-
orological parameters on the soil domain did not
exist.

(3) The temperature of the fluid in the heat exchanger is
considered constant in summer and winter, and it
changes in a ramp trend in transition seasons.

(4) The humid air in the pores satisfies the equation of
the ideal gas state and there are two phases of the
moisture transfer process, i.e., liquid and vapor.

(5) There is a thermal equilibrium and moisture equilib-
rium at any location of the envelope materials.

(6) At the interface of the layers, the thermal and mois-
ture contact resistance is not considered.

2.2 Mathematical model of coupled heat and moisture
transfer

2.2.1 Moisture transfer

There are two phases of water vapor and liquid trans-
ferred in the porous building materials. As described by
Eq. (1) (Wang et al., 2021b):

ow
- (1)

where w is the moisture content (kg/m?); g, and g, represent
the water vapor flux and the liquid flux (kg/(m?s)),
respectively.

Equation (1) is expanded into the form of related mate-
rial properties parameter as Eq. (2) (Liu et al., 2015; Wang
et al., 2021b):
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material; o6, denotes the water vapor permeability
(kg/(Pa'm*s)); p,, is the partial pressure of saturated

water vapor (Pa), which can be derived from Eq. (3)

where & =

(Branco et al., 2004); T is the temperature (°C); ¢ denotes
the relative humidity (%); K| is the permeability of the lig-
uid water (kg/(Pa-m+s)), which can be calculated by Eq. (4)
(Wang et al., 2021a); R, is the gas constant of water vapor,
which is 462 J/(kg'K); p, is the density of the liquid water
(kg/m?); D, is the water vapor diffusivity (m?/s); Pysat 18
the saturated water vapor density (kg/m?).
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Then the governing equation for the moisture transfer
process can be reduced to Eq. (5). The coefficients D,
and Dt are expressed as a function of relative humidity
and temperature, as shown in Egs. (6) and (7), respectively.

dp 0 o oT
E_6x<D¢8x+DT6x>’ (5)
T+ 273.15
D¢ = 5vpv,sat + KlleVTv (6)
8pv,sal
Dr = 0y¢ 57 + KipiRy In(¢p). (7

2.2.2 Heat transfer

The water vapor condenses in the pores due to capillary
action, resulting in a phase change process within the mate-
rials and acting as a heat source or sink. By this character-
istic, moisture transfer and heat transfer are coupled.
Hence The process of heat transfer is mainly divided into
two parts: conduction and convection. The energy conser-
vation equation can be expressed as the following Eq. (8)
(Wang et al., 2018):

OE

5 - _v(qcond + qconv) + sour> (8)

where ¢4 and ¢, represent the energy transferred by
conduction and convective (W/m?), respectively; g,
denotes the inner heat source, which is generally neglected
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in conventional conditions. However, the heat source exists
within the EDW.

Equation (8) is expanded into the form of related mate-
rial properties parameters as Eq. (9) (Wang et al., 2021b):

(PmCm + wcl)%ﬁ =V {Lavpv‘ww + (/ +L§@%)VT] + Goours 9)
where 4, is the thermal conductivity (W/(m-K)); ¢ indi-
cates the specific heat capacity of the liquid water
(J/(kg*K)); p,, denotes the density of the dry material
(kg/m?); ¢y, indicates the specific heat capacity of the dry
material (J/(kg'K)); L is the latent heat of vaporization
of water vapor, which is equal to enthalpy difference
between water vapor and liquid water, and represented as
a function of temperature shown in Eq. (10) (Zhou et al.,
2002):

L = (2500 — 2.4T) x 10°. (10)

The coefficients 44 and A, are introduced to describe
the governing equation concisely, as shown in Egs. (11)
(13). At can be regarded as the equivalent thermal conduc-
tivity under the impact of moisture transfer.

or
(pmcm +WCI)E: V[A¢V¢ +ATVT} + Gsours (11)
Aci) == L(T)évpv‘sau (12)
apv,sat
Ar = o+ L(T)ovh =52 (13)

2.2.3 Boundary conditions

The boundaries at the wall surface exposed to the indoor
air are convective mass and heat transfer between the sur-
face and the air. The heat flux consists of the sensible heat
of heat convection and the latent heat of vaporization and
condensation. The mass flux is dependent on differences in
the relative humidity and the saturated vapor pressure
between the surface and indoor air. The value of the undis-
turbed boundaries at the soil side remains unchanged in the
temporal dimension. Moreover, the relative humidity of
indoor air is set at a comfortable level (¢ = 50%), while
the temperature of indoor air varies with the seasons.

The boundaries of the moisture transfer process are as
follows (Wang et al., 2018, 2021a, 2021b):

¢soil(07t) = d)cons
¢ind00r(t) = ¢cons ’ (14)
8= ﬁi(qsindoorpsat,indoor - qssurPsat,sur)

where ¢ denotes the time (s); ¢, 1S @ constant value of rel-
ative humidity applied to the boundary; g is the local mass
flux through the wall surface (kg/(m>ss)); p; is the coeffi-
cient of the mass transfer (kg/(m”s-Pa)); the subscripts
sat and sur represent the saturation and surface,
respectively.

The boundaries of the heat transfer process are as
follows:

Tsoi1(0,¢) = Teons

Tindoor (1) = T(2) )

q = hi(Tindoor — Ti) + BiL(PindoorPsatindoor — PsurPsat,sur)
(15)

where the T, 1S a constant value of temperature applied
to the boundary; ¢ is the local heat flux through the wall
surface (W/mz); h; is the coefficient of the convective heat
transfer of the wall surface.

In this investigation, the coefficient of the convective
heat transfer is 8.7 W/(m?-K), which is suggested in the
national standard of China (Ministry of Housing and
Urban-Rural Development of the People’s Republic of
China, 2016). The coefficient of the mass transfer f, is
related to A;, which can be obtained from the Lewis anal-
ogy (Liu et al., 2015) as Eq. (16):

By =17.7x10"h;. (16)

The heat exchanger embedded in the diaphragm wall
is a heat source, which generates or absorbs energy into
or from the surroundings. As shown in Fig. 3, a virtual
node is introduced to represent the heat exchanger, and
it is supposed to be installed in the middle of the two
adjacent nodes. Therefore, the term ¢, of Eq. (8)
should be considered when describing the energy conser-
vation equation for these two adjacent nodes, while it is
omitted for the other nodes. It is obtained as the follow-
ing Eq. (17):

Ti — Ty
9sour — ATV (#‘W) ) (17)

where T denotes the temperature of the fluid (°C), and Ax
is the size of the grids.

AX AX AX AX
V2 o0 2 02 20

l . -.I..

Heat exchanger

@i+l

Fig. 3. Schematic of the influence of heat exchanger on the adjacent nodes
(i, i+1 are the node numbers).
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Table 1
Thermophysical properties of the materials.
Layers Water vapor permeability Thermal conductivity Specific heat Density Moisture content
kg/(m -s - Pa) W/(m-K) J/(kg-K) kg/m’ kg/m’
Soil 2.13x 107° 1.21 920 2400 38.4¢"57 + 609"+
R,(T +273.15)
Concrete 3.09 x 107+ 5.51 x 107 2> 1.38 +0.0032w 837 2500 - 0
0.018¢)> — 0.027¢ + 0.02
EPS L1x10™" 0.0331 + 0.001 23w 1470 30 5 0
~0.527¢" +0,064¢ +0.0708
Mortar 5467 x 107" 1.965 + 0.0045w 840 1807 -
—0.022¢ + 0.025¢ + 0.0001
Ly ——dr=1s 5 2607 ——dr=l s
dr=10's siss s ——dr10s
56 ——dr=100s | o [oains 25.5 ——dr=100 s
——dr1200s | - amseos ——d=1200s
&% —— dr=3600 s — im0 —— dr=3600 s
= ———dr=7200's —_— [l ——dr=7200 s
g 541 ——dr=14400 s| s k‘% 5 —— dr=14400 s
E o £ 2454 S g
F 5 // =
TN; 52 = 24.0 v ::F;xf
~ 135/ 200
514 +— dr=14400 s|
s 23.5- s :
50 V
T T T T T T 23.0 T T T T T 1
0 50 100 150 200 250 50 50 100 150 200 250 300
Time (h) Time (h)
(a) (b)
Fig. 4. Independence tests of the time-step size. (a) Relative humidity, and (b) temperature.
55.0 e —=— dx=0.0005 m 26.0 4 ——dx=0.0005 m
5454 s —— dx=0.001 m
1 +— dx=0.005 m dx=0.002 m
54.0 235 dr=0.005 m
5354 ettty /
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Fig. 5. Independence tests of the grid size. (a) Relative humidity, and (b) temperature.
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2.3 Numerical solution and verification

2.3.1 Material properties

The detailed thermophysical properties of the materials
in different layers are listed in Table 1. The vapor diffusivity
of the soil is Dy, = 2.13 x 107% m? - s, which is quoted from
the literature of Zanden and Schoenmakers (1996). More-
over, it can be converted to vapor permeability by the for-
mula J, m (kg/(m -s-Pa)) (Wang et al., 2021a).

The parameters of thermal conductivity, specific heat, and
the density of the soil are 1.21 W/(m-K), 920 J/(kg'K), and
2400 kg/m?, respectively, referred to the research of Wang
et al. (2016). Moreover, the moisture content was fitted as a
function of relative humidity with the experiment data by
Yan (2003), which is expressed as 38.4¢' 7+

609"+ (kg/m) The thermophysical properties of the

other building materials are selected from the literature
(Kumaran, 1996; Li et al., 2009; Wang et al., 2021b).

2.3.2 Grid and time-step independence analysis

The accuracy and efficiency of the numerical method are
related to the time step and the size of the grid, so the indepen-
dence tests are carried out under various grid sizes and time-
step sizes. The results are shown in Figs. 4 and 5. It is obvious
that the time-step size has a significant influence on the
numerical stability at the initial stage, but the discrepancies
among these cases are quite minor after 2 days. Moreover,
the grid size causes a negligible impact on the results. Consid-
ering that the operation of EDW is long, the d7 = 3600 s and
dx = 0.002 m are chosen in the following investigation.

2.3.3 Validation with experimental results and the literature
works

(1) Validation with a laboratory experiment

A laboratory experiment was conducted to examine the
accuracy of the numerical method in predicting the coupled
heat and moisture transfer process. The experimental sys-

" Mariotte

(b)

Fig. 6. (a) Schematic diagram, and (b) site photos of the laboratory experiment.

tem is shown in Fig. 6, which mainly includes four parts:
environment box, air duct, unsaturated soil column, and
the mariotte-bottle water supply system. The environment
box can provide the airflow of constant temperature and
humidity with an air conditioner. This airflow can impose
a high-temperature boundary on the surface of the unsatu-
rated soil column. The mariotte bottle can maintain con-
stant temperature and humidity boundary at the bottom
boundary of the soil column. The schematic diagram of
the conditions is shown in Fig. 7. The density and specific
heat capacity of the soil are 1850 kg/m® and 1750 J/(kg-K),
respectively. The initial temperature and moisture content
of the soil column are 16.5 °C and 80 kg/m?, respectively.
At the top of the soil column, the temperature and relative
humidity are 25 °C and 60%, respectively. The transfer of
heat and moisture within the materials is driven by the tem-

Air ﬂO:V: = |:> |:> High-temperature
1=25°C =« condition
$=60%
| © Measurement points
Heat and moisture

transfer process

— Insulation condition

80 cm

/ Constant condition
* Initial temperature 16.5 °C
* Initial moisture content 80 kg/m?

Fig. 7. Schematic diagram of coupled heat and moisture transfer process
in the unsaturated soil column.
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Fig. 8. Comparison between the numerical and experiment results. (a) Variation of moisture content, and (b) temperature at different depth.

perature and humidity gradients. The maximum discrepan-
cies between the numerical results and experiment results
are within 3%, which is within the acceptable limits, as

depicted in Fig. 8.
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To evaluate the accuracy of the numerical results, the
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research, high and low levels of temperature and relative
humidity boundaries are applied to investigate the response
of an uncoated gypsum board in sorption and desorption
conditions. The details of the boundaries are shown in
Fig. 9(a). The thermal properties of the gypsum board
are as follows: the density is 690 kg/m?>, the specific heat
is 840 J/(kg-K) and the thermal conductivity is 0.198 W/
(m+K). These values are consistent with those reported in
the literature. The results of the relative humidity and tem-
perature in a heating—cooling cycle are depicted in Fig. 9(b)
and (c¢). The maximum relative discrepancies of relative
humidity between the values of the Test and FDM are
no more than 8%. A possible reason is that the function
of moisture content is a result of polynomial fitting, and
there is an arithmetic error. Moreover, The maximum dif-
ferences in temperature are within 5%. The maximum dif-
ferences occurred at the initial stage, which might be due
to the weak prediction of the start-up of the experiment.
Disturbance can exist when hot and humid airflow over
the surface initially, and the thermal and humid state of
the airflow is not stable. Hence, the discrepancies are within
acceptable limits, and the FDM can be used to calculate
the heat and moisture transfer process in this paper.

Also, this model was validated with the British Standard
EN 15026 (British Standard Institution, 2007). This bench-
mark test deals with a semi-infinite homogeneous material
in equilibrium with a constant climate, which is widely
adopted to validate the numerical model for heat and mois-
ture evolution in building materials. The comparisons
between the simulation results and the EN 15026 are
added, as shown in Fig. 10, and the results show a good
agreement with each other.

3 Results and discussion

The behavior of coupled heat and moisture transfer in
EDW varies with different seasonal conditions. The details
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of the model have been described in Section 2.1. The effects
during typical cases (heat injection in summer and extrac-
tion in winter) are investigated in Sections 3.1 and 3.2.
The impact on the hygrothermal load of the indoor air
induced by the long-term thermal cycles (heating—cooling
cycles) is analyzed in Section 3.3. Moreover, a sensitivity
analysis of the model’s parameters is conducted in Sec-
tion 3.4 to investigate how variations in the input parame-
ters affect the heat and moisture fluxes through the internal
surface.

3.1 Heat and moisture transfer in heat injection case

The initial temperatures of the concrete and soil are
12.5 °C, and the initial relative humidity is 85%. Mankibi
et al. (2015) analyzed the annual variation of the soil tem-
perature at different depths in Beijing, China. The periodic
temperature amplitude is within 2.5 °C at a depth of over
3.2 m. Here, the EDW was assumed to be deep-buried,
and the temperature and relative humidity were considered
constant to simplify the numerical model. The temperature
of the indoor air is 26 °C and the relative humidity is 50%,
and they were within the thermal comfort standards
(Djongyang et al., 2010). The initial relative humidity of
the EPS and mortar layers is 50%, considering the EPS
and mortar layers are close to the indoor space. The initial
temperature of the EPS and mortar is 12.5 °C. Addition-
ally, the temperature of the heat exchanger is set as
35 °C, which is considered the average temperature of the
fluid (Barla et al., 2020).

In the summer case, the heat exchanger embedded in the
diaphragm wall is a high-temperature heat source. Fig-
ure 11 shows the results of the temperature and relative
humidity within the layers after 120 days. The ‘“heat”
denotes the heat injection case, “non” represents the case
without a heat source (conventional wall), and “heat con-
ductive only” indicates the model of pure thermal process
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Fig. 10. Comparison with the EN 15026. (a) Variation of moisture content, and (b) temperature at different depth.
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(without moisture transfer process). It is obvious that the
high-temperature area is located around the heat exchan-
ger, as shown in Fig. 11(b). In the layer of EPS and mortar,
the temperature rises due to the heat transfer process.
There is a turning point at the interface of the EPS and
concrete due to the thermal insulation effect of the EPS.
The insulation layer has a very low thermal conductivity,

which prevents heat transfer. Moreover, the metope is
heated by the operation of the EDW, and the temperature
increases to about 24.9 °C after 120 days. Additionally, the
results of the pure thermal process show little difference
from the other cases. This is due to the relatively minor
magnitude of the moisture transfer process and the limited
induced temperature variation. However, the impact on the



X. Zhou et al. | Underground Space 23 (2025) 193-219 203

adjacent underground space needs more discussion,
because the moisture permeates into the indoor environ-
ment and causes additional latent heat and humidity load.
Moreover, the impact on the moisture transfer is depicted
in Fig. 11(a). The inner surface shows a 12.7% decrease
in relative humidity, which indicates that the moisture in
the envelope layers is transmitted into the indoor environ-
ment. The temperature gradient between the air and the
wall surface is part of the cause of this phenomenon
(Egs. (5) and (11)). The heated wall surface will force the
moisture content transferred into the indoor space, which
can be conceptualized as a process of heat and drying. Fur-
thermore, the relative humidity in the envelope layers exhi-
bits a disparate variation between the “heat” and “non”
cases, which can be attributed to the disparate magnitude
of the thermal transfer process. The lower relative humidity
in the EPS (compared to that in the concrete and mortar
layers) shall be due to the insulation effect (low permeabil-
ity) and the weak moisture absorption capacity.

The temperature variations of the EDW with elapsed
times are depicted in Fig. 12(a). It is obvious that the tem-
perature rise in EDW is much greater than that in the con-
ventional wall. The “heat conductive only” case still shows
little difference. Figure 9(b) gives the relative humidity vari-
ations of the EDW with elapsed times. All the changes
meet the expected effect, that is the more the wall is heated,
the hotter and drier (low humidity level) it is. The surface
relative humidity rises in the initial stage, while it drops
as time prolongs. This is because the initial indoor temper-
ature is higher than the surface temperature, and the mois-
ture content permeates into the envelopes by the driving
potential of the temperature difference. With the increase
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of the surface temperature, the moisture is transferred into
the indoor air, and the relative humidity goes down. The
turning points at the interface of materials in both temper-
ature and relative humidity are due to the physical proper-
ties’ differences. The insulation effect of the EPS is
apparent, especially in the temperature field.

Temperature and humidity changes will induce the vari-
ation of heat and moisture flux through the inner surface,
as shown in Fig. 13. The positive value indicates the direc-
tion from envelopes to indoor air, while the negative value
indicates the opposite direction. The heat flux rises rapidly
and reaches a stable status in 100 h in the EDW. The oper-
ation of the EDW alters the direction of the heat flux and
induces an approximately 18.7 W/m additional thermal
load of the underground space. It is worth noting that if
the moisture transfer process (“heat conductive only” case)
is not considered, the heat flux gain (from the surface to the
indoor) will be underestimated by 3.09% (‘“*heat” case), and
overvalued by 5.03% (“non” case). The difference is due to
latent heat caused by the moisture transfer process, as
depicted in Fig. 13(b). The moisture flux in the “heat” case
is positive, hence the latent heat flux through the surface
interior, and not taking into account moisture transfer will
underestimates heat flux. On the contrary, the moisture
flux in the “non” case is negative, and the latent flux acts
as a heat loss for the indoor environment, hence not taking
into account moisture transfer will overvalue the heat flux
gain (if we consider it as heat loss, it is still an
underestimation).

The distributions of temperature and relative humidity
at different elapsed times are depicted in Figs. 14 and 15,
respectively. It can be seen that the temperature changes
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Fig. 13. Variation of the heat and moisture flux through the inner surface in summer case. (a) Heat flux, and (b) moisture flux.
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obviously in the early 96 h, and the magnitude in EDW is
much greater than that in the conventional wall. Then it
reaches a steady state (Fig. 14(b) and (d)). However, the
relative humidity changes relatively slowly, the difference
in relative humidity between the layers in space is relatively
obvious in days. This is because the magnitude of the mois-
ture transfer process is very small, and the cumulative effect
on the time dimension is gradually apparent.

3.2 Heat and moisture transfer in the heat extraction case

The initial conditions stay the same as those in the heat
injection case. However, the temperature of the heat

X. Zhou et al. | Underground Space 23 (2025) 193-219

exchanger in the heat extraction case is considered 5 °C,
and the indoor air temperature is 18 °C. The indoor rela-
tive humidity is the same as that in the summer case.

As depicted in Fig. 16, an opposite heat and humidity
behavior is observed in the winter case. The “cool” denotes
the heat extraction case. The thermal insulation effect of
the EPS still exists at the interface. A 17.0% decrease in sur-
face temperature is observed compared to that of the pure
thermal process, which indicates that the heat loss from
envelopes is strengthened. Similar to the summer case,
the temperature field without considering the moisture per-
meation shows a little difference. This is because the tem-
perature change caused by moisture transfer is small.
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Additionally, a 21.0% increase in relative humidity at the
inner surface is found, which should be due to the cooling
effect changes in local saturation conditions. Moreover,
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this phenomenon can be summarized as the colder the sur-
face, the more humid it is, as shown in Fig. 17. The peak
temperature in the “cool” case is induced by indoor air
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Fig. 16. Distribution of the temperature and relative humidity after 120 days in winter case. (a) Relative humidity, and (b) temperature.
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Fig. 18. Variation of the heat and moisture flux through the inner surface in winter case. (a) Heat flux, and (b) moisture flux.

heating. With the time prolonged, the response of the low-
temperature heat source reaches the surface and the tem-
perature goes down. Moreover, the relative humidity rises
rapidly to approximately 62.3% in the “cool” case, while
it shows a drop to about 51.5% in the “non” case. The dif-
ferences in relative humidity between the surface and
indoor air (50%) are due to the driven potential caused
by the temperature gradient between them.

The heat and moisture flux in winter show a different
trend compared with those in the summer case, as
depicted in Fig. 18. The “cool” case shows a greater heat
loss from the indoor air to envelopes (negative value)
than “non” case, this is a consequence of heat extraction
process. It is worth noting that if not taking the moisture

transfer into consideration, the heat loss from the surface
will be underestimated by 3.43%. This is due to ignoring
the latent heat caused by the mass transfer process
(Fig. 18(b)).

The temperature of the inner surface reaches approxi-
mately 17.6 °C in the “non” case, as shown in Fig. 19(d).
However, in the “cool” case, the surface temperature drops
to about 14.6 °C. This is because the heat extraction pro-
cess takes away a lot of heat energy, as shown in Fig. 19
(b). The relative humidity varies with the operating temper-
ature, as depicted in Fig. 20. The envelopes maintain a
higher humid condition in the “cool” case, which indicates
that the colder the materials the more humid it is. Addi-
tionally, there are almost no turning points in the distribu-
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tion of the relative humidity caused by the properties’ dif-
ferences in materials. This is because all the materials have
a high level of initial moisture content, and the cooling
effect induced by the heat extraction causes no moisture
loss but gain.

Summarily, both the heat injection and heat extraction
of the EDW can lead to an obvious variation in hygrother-
mal conditions of the inner surface. The insulating layer
can block part of the water vapor penetration. Therefore,
when applying EDW in underground space, these effects
should be considered, which are often ignored in previous
studies.

3.3 Heat and moisture transfer in a long-term periodic cycle

The investigations above help us to understand the
behavior of the coupled heat and moisture transfer in typ-
ical cases, but they can not provide information about the
actual long-time operation situations. In this section, atten-
tion is mainly paid to the behavior of the coupled heat and
moisture transfer in annual heating-cooling cycles.

The initial conditions stay the same as those in the heat
injection case. The temperature of the heat exchanger and
indoor air changes with the seasons, while the relative
humidity of indoor air remains at 50% all the time. As
shown in Fig. 21, the temperatures of the heat exchanger
and indoor air are 35 and 26 °C in summer, respectively.

209

While in winter, they are 5 and 18 °C, respectively. How-
ever, the temperatures of the heat exchanger and indoor
air change in a ramp trend in transition seasons. Besides,
there is a stable period of 30 days. These considerations
were introduced in the literature of Barla et al. (2020).
The long-term investigation starts from the beginning of
the heat injection season.

The temperature and relative humidity show a periodic
variation, as depicted in Fig. 22. The temperature and rel-
ative humidity in the case with thermal load (“load” case)
are much greater than that in the case without thermal load
(“non” case). It is worth noting that the phase of the peri-
odic changing relative humidity in the “load” case differs
from that in the “non” case. This is because the material
has the ability to store moisture, so there is a hysteresis
effect. The relative humidity at the inner surface reaches
its maximum level in winter under the “load” case, while
it decreases to its minimum level in winter under the “non”
case. This is because the heat extraction in winter causes
the wall temperature to decrease, and increases the relative
humidity. Moreover, the temperature decreases to nearly
the same level in both the “load” and “non” cases in tran-
sition seasons (135th and 315th d), as shown in Fig. 23. Tt
differs quite a lot in summer and winter due to the signifi-
cant heat injection and extraction process, respectively. The
same phenomenon is found in surface relative humidity, as
depicted in Fig. 24. The operation of the EDW can lead to
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Fig. 23. Distribution of the temperature at different elapsed time. (a) 45th d, (b) 135th d, (¢) 225th d, and (d) 315th d.
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an obvious variation in hygrothermal conditions of the
inner surface.

The induced additional heat and moisture flux through
the envelopes are shown in Fig. 25(a). The heat flux is par-
tially compensated in a complete cycle, but the moisture
flux can be considered fully compensated. This might be
due to that the heat transfer process of the material is much
greater than the moisture transfer process, resulting in a
more obvious change in heat flux. The phase of periodically
varied heat flux through the wall surface is half a cycle
ahead in the “load” case. This is also because of the hys-
teresis effect induced by the material’s ability to store mois-
ture. Moreover, the maximum moisture flux was restrained
by 14.7% comparing that in the “load” case to that in the
“non” case. The changes in surface hygrothermal condi-
tions are the primary cause.

As depicted in Fig. 25(b), the sensible heat is affected sig-
nificantly during the operation period of the EDW. The
sensible heat flux is approximately 18.7 and —27.4 W/m?
in summer and winter, respectively. Moreover, the latent
heat is suppressed when there is a thermal load within
the EDW. This is probably due to changes in hygrothermal
conditions (partial pressure of saturated water vapor and
relative humidity), which induce a restricted moisture per-
meation process.

Interestingly, the peak value of the latent heat occurs
in transition seasons, which is along with the greatest

moisture flux shown in Fig. 25(a). This is because the
latent heat flux depends on the amount of moisture flux.
The magnitude of the moisture transfer process is influ-
enced by the relative humidity and partial pressure of sat-
urated water vapor at the current time step, according to
Eq. (14). Aiming to reveal the cause of the great moisture
transfer process in transition seasons, Fig. 25(c) depicts
the relative humidity and partial pressure of saturated
water vapor of the wall surface and indoor air. The par-
tial pressure of saturated water vapor reaches its maxi-
mum and minimum value during the summer and
winter, respectively. However, the relative humidity at
the wall surface reaches its minimum and maximum value
during the summer and winter, respectively. The product
of pressure and relative humidity at the surface is not
much distinct from that of the indoor air, in summer
and winter. Hence, the moisture flux through the surface
is limited. However, in transition seasons, the partial
pressure of saturated water vapor decreases. Meanwhile,
the relative humidity increases. The product of pressure
and relative humidity of the surface follows the change
of time, and it becomes distinct from that of indoor air.
Consequently, the moisture flux through the inner surface
increases and reaches its maximum level. The amount of
moisture transfer in transition seasons of the “non” case
1s more than that of the ‘““load” case, as shown in
Fig. 26(b) (data for the second, third, and fourth years



X. Zhou et al. | Underground Space 23 (2025) 193-219

211

a8 ———Thermal load ~ ------ Non
T
§ 12 ﬂ ,‘
= 4 -+
% -6 .
g ﬁ
8 24 u \J
=3
0 500 1000 1500 2000 2500 3000 3500 4000
2 Time (d)
é 10 Thermal load  -------- Non
2 ]
S 54 &
":‘ | 2.3
g E
g 54 -3 . . . . .
Sy 0 200 400 600 300
z Time (d)
2 -10 T T T T T T T T 1
g 0 1000 2000 3000 4000 5000 6000 7000 8000
Time (d)
(a)
N R
£ 30
£ 20-
510
=
<= —10+
© ]
2 20
2 30
(]
N I T I ‘ T 5 | T T | I T | !
0 100 200 300 400 .500 600 700 800 900 1000
Time {d)
— 3 Latent heat load ~ +++22* Latent heat_non
E |
~ 2,
2
w1
a |
= 0
s |
£ -1
8 2+
= |
— 73 T T T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Time (d)
(b)

Fig. 25. Flux of the heat and water vapor. (a) Total flux of heat and water vapor, (b) flux of sensible heat and latent heat, and (c) relative humidity and

partial pressure of saturated water vapor.

of this investigation are analyzed to avoid interference
from initial conditions in the first year).

The amount of both total heat and sensible heat
transfer in the ‘“load” case is significant in summer
and winter, as depicted in Fig. 26(a) and (c). However,
in transition seasons, the amount of heat transfer in the
“non” case is higher than that in the “load” case. Wall
temperature variation in transition season affected by
the heat source in the ““load” case shall be the reason.

The more obvious the difference between the wall tem-
perature and the indoor temperature under the influ-
ence of EDW, the greater the heat transfer. The
latent heat in transition seasons is quite great, which
is related to the moisture transfer. The changes of
humidity and partial pressure of saturated water vapor
on the surface are more complex in the transition sea-
sons (as shown in Fig. 25(c)), which leads to greater
moisture transfer.
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Fig 25. (continued)

3.4 Sensitive analysis of the parameters in the long-term
operation

3.4.1 Orthogonal test design

The sensible heat flux and the water vapor flux through
the inner surface cause a direct impact on the heat and
humidity load of the buildings (Wang et al., 2021b). The
magnitude of these fluxes is affected by the indoor condi-
tions (temperature and relative humidity of the indoor
air) according to Egs. (14) and (15). In addition, the oper-
ating temperature of the EDW has an obvious effect on the
heat and moisture fluxes according to the above investiga-
tions. Therefore, an orthogonal test is performed to evalu-
ate how much the discrepancies are induced by variations
in these parameters.

In the published works, Barla et al. (2020) investigated
the long-term thermal activation of the EDW at operat-
ing temperatures of approximately 26.5 °C in the heat
injection season (summer) and 4 °C in the heat extraction
season (winter). Xia et al. (2012) presented an experiment
investigation of EDW at operating temperatures of 32,
35, and 38 °C. Additionally, Makasis et al. (2018) exam-
ines the suitability of energy diaphragm retaining walls
for an underground train station based in the city of Mel-
bourne, Australia, at the operating temperature between
0 and 40 °C. Therefore, in this section, several representa-
tive temperatures are chosen to represent how the EDW

will operate. Moreover, based on the recommended
indoor air conditioning parameters presented by Djon-
gyang et al. (2010), the indoor relative humidity is set
between 40% and 55%. The details are shown in Table 2.
It should be noted that the indoor relative humidity (¢
_indoor) is the same during the heat injection and heat
extraction seasons. However, the temperatures of the
heat exchanger and indoor air (7_indoor) change in a
ramp trend in transition seasons. The trend is the same
as that in Fig. 21. Besides, the temperature at the 30-
day stable period is the average level of that in summer
and winter.

To investigate the differences in outcomes resulting
from the combination of these levels, 16 groups of
cases are established according to the principle of
orthogonal test design. Details of cases are given in
Table 3.

3.4.2 Orthogonal test results and discussion

Both the discrepancies in the sensible heat flux and
water vapor flux are compared. The results of Fig. 26(b)
and (c) in Section 3.3 are selected as the benchmark. The
relative discrepancies compared to the benchmark are cal-
culated by Eq. (18):

X116 — X
5= 1-16 benchmark % 100(707
Xbenchmark

(18)
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Fig. 26. Amount of the heat and moisture transfer in the seasons. (a) Total heat, (b) water vapor, (c) sensible heat, and (d) latent heat.

Table 2

Levels of the parameters.

Levels T T _indoor (Summer) T ¢_indoor T _indoor (Winter)
Heat exchanger (Summer) Heat exchanger (Winter)
S1 S2 S3 S4 S5

L1 31 °C 24 °C 3°C 0.40 14 °C

L2 33 °C 25 °C 5°C 0.45 16 °C

L3 35°C 26 °C 7°C 0.50 18 °C

L4 37 °C 27 °C 9°C 0.55 20 °C

where the § denotes the relative discrepancies between the
cases and the benchmark; y,_,s denotes the results of each
case designed; Ypenchmark 18 the results in Section 3.3.

The relative changes in sensible heat flux and water
vapour flux are summarised and compared by seasons.
Transition season 1 is the period of transition from heat
injection to heat extraction, while transition season 2 is
the period of transition from heat extraction to heat injec-
tion. Results are listed in Table 4.

The polar analysis can help to reveal the magnitude of
the impact induced by the parameters (Chen et al., 2024).
The results are summarized in Table 5. R denotes the extre-

mely poor, the details of which are listed in Tables Al and
A2 in Appendix A. It can be seen that in different seasons,
the magnitude of the influence caused by each parameter is
not the same. This is because the coupled heat and mois-
ture transfer is a complex process, which can be affected
by the temperature gradient, humidity gradient, moisture
storage capacity of the material, local partial pressure of
saturated water vapor, etc. In summer, the operating tem-
perature of EDW has the greatest influence on heat flux
and water vapor flux. The levels of indoor relative humidity
are the most obvious parameter affecting water vapor flux
in all the seasons.
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Table 3

Orthogonal test design.

No. S1 S2 S3 S4 S5

1 31 °C (L1) 24 °C (L1) 3°C (L)) 0.40 (L1) 14 °C (L1)
2 31 °C (L1) 25 °C (L2) 5°C (L2) 0.45 (L2) 16 °C (L2)
3 31 °C (L1) 26 °C (L3) 7 °C (L3) 0.50 (L3) 18 °C (L3)
4 31 °C (L1) 27 °C (L4) 9 °C (L4) 0.55 (L4) 20 °C (L4)
5 33 °C (L2) 24 °C (L1) 5°C (L2) 0.50 (L3) 20 °C (L4)
6 33 °C (L2) 25 °C (L2) 3°C (L1 0.55 (L4) 18 °C (L3)
7 33 °C (L2) 26 °C (L3) 9°C (L4) 0.40 (L1) 16 °C (L2)
8 33°C (L2) 27 °C (L4) 7°C (L3) 0.45 (L2) 14 °C (L1)
9 35°C (L3) 24 °C (L1) 7 °C (L3) 0.50 (L4) 16 °C (L2)
10 35°C (L3) 25 °C (L2) 9 °C (L4) 0.50 (L3) 14 °C (L1)
11 35 °C (L3) 26 °C (L3) 3 °C (L1) 0.45 (L2) 20 °C (L4)
12 35°C (L3) 27 °C (L4) 5°C (L2) 0.40 (L1) 8 °C (L3)
13 37 °C (L4) 24 °C (L1) 9 °C (L4) 0.45 (L2) 8 °C (L3)
14 37 °C (L4) 25°C (L2) 7°C (L3) 0.40 (L1) 20 °C (L4)
15 37 °C (L4) 26 °C (L3) 5°C (L2) 0.55 (L4) 14 °C (L1)
16 37 °C (L4) 27 °C (L4) 3°C (L1 0.50 (L3) 16 °C (L2)
Table 4

Results of the relative changes between the cases and the benchmark.

No. Heat flux variations (%) Water vapor flux variations (%)
Summer Transition season 1 Winter Transition season 2 Summer Transition season 1 Winter Transition season 2

1 —22.44 0.57 -15.93 -1.02 —2.68 —48.94 —121.65 -32.56
2 -33.44 29.67 -15.70 21.94 -9.33 —35.65 -103.44 -25.33
3 —44 .47 58.88 -15.47 45.07 -17.36 -21.22 -77.96 —17.49
4 —55.54 88.19 —15.26 68.33 -26.66 -5.18 -10.59 -9.77
5 0.03 57.84 15.55 44.97 -4.70 -1.86 68.88 -1.94
6 -10.95 84.56 15.68 70.09 -11.29 34.41 271.66 15.47
7 -22.47 -110.15 —46.63 -93.52 1.38 -59.25 —139.58 —41.86
8 -33.47 —83.52 —46.53 -69.17 -5.56 —40.41 -112.04 -31.23
9 22.22 —168.24 -31.02 -139.11 4.79 -23.17 -51.94 -17.67
10 11.11 —-252.20 —61.80 -207.65 2.46 -36.69 —82.67 —28.58
11 -0.15 112.57 30.86 91.97 3.72 -5.45 -2.25 291
12 —11.41 28.28 -0.49 22.18 6.63 —36.53 -136.13 -19.99
13 44.17 -223.53 -31.17 —185.83 15.85 —-40.72 —88.24 -26.65
14 32.90 —83.38 -0.50 -71.03 15.77 —42.11 —138.29 -23.21
15 22.36 -170.92 -30.89 —137.01 8.50 9.51 13.17 4.52
16 11.08 -30.26 —-0.05 -21.60 7.79 11.52 27.55 8.82
Table 5

Polar analysis results.

Heat flux Water vapor flux
Summer R:S1>8S2>84>83>8S5 R:S1>S84>82>S85>8S3
Transition season 1 R:S1>S5>83>82>54 R: S4>S3>S5>8S1>82
Winter R:S5>8S83>S84>S1>82 R:S4>S83>S1>S85>8S2
Transition season 2 R:S3>S1>S85>82>54 R: S4>S3>S5> 82> Sl

4 Conclusions

This paper proposes an approach for investigating the
coupled heat and mass transfer process in the EDW based
on the FDM. The algorithm is achieved with the program-
ming language in MATLAB software. The behavior of the
coupled heat and mass transfer process in the envelopes is
investigated. The heat and moisture flux through the inner
surface is focused.

The key conclusions are listed as follows:

(1) The moisture transfer process causes little impact on
the temperature field of the surroundings and surface,
but it will induce additional heat flux at the surface. If
moisture transfer is not taken into account, the heat
flux is underestimated by more than 3.43% in the case
of heat extraction and by more than 3.90% in the case
of heat injection.
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(2) The sensible heat flux through the surface is over
ten times greater than the latent heat flux, which
is approximately 18.7 and —27.4 W/m? in summer
and winter, respectively. Moreover, the peak latent
heat flux to the conventional wall is reduced by
14.7% compared to the EDW, and the sensible heat
flux is significantly increased by the operation of
the EDW.

(3) The moisture flux is very significant in the transi-
tional seasons, while it is minimal in summer and
winter. The variation in the partial pressure of satu-
rated water vapor and relative humidity at the inner
surface is the primary cause. This transition season’s
effect-induced great moisture transfer may need to
be considered when assessing the indoor humidity
load. Ignoring this part may cause certain
discrepancies.

(4) The moisture flux through the inner surface can be
considered fully compensated in seasonal cycles. This
indicates that the wet component in the surrounding
soil causes little impact on the heat and moisture flux.
The interaction between the inner surface and the
indoor environment is relatively significant and
should be taken seriously.

(5) In different seasons, the magnitude of the influence
caused by the input parameters is irregular. In gen-
eral, the operating temperature of the EDW has the
greatest influence on the heat and water vapor fluxes
in summer. Indoor relative humidity is the most obvi-
ous parameter affecting water vapor flux in all
seasons.

Summarily, the coupled heat and moisture transfer in
the EDW operation period will cause a nonnegligible
impact on the hygrothermal load. This paper attempts to
attract people’s attention to the heat and moisture flux
through the wall surface when applying EDW in under-
ground constructions. However, only the coupled heat
and moisture transfer process and their effect on the surface
flux during an example long-running operation period of
the EDW are investigated. More efforts are expected to
analyze the behavior of the coupled heat and moisture
transfer under varied periodic thermal load modes in fur-
ther works.
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Appendix A
A.1 Discreteness of control equation

The temperature can affect the moisture transfer pro-
cess, meanwhile, the moisture content influences the magni-
tude of the heat transfer process. Therefore, in this study,
the field of heat and moisture are computed together at
every single time step.

Taking the heat transfer as an example, Eq. (11) can be
expressed in the following form of Eq. (Al):
{A%—f:V[A¢V¢+ATVT] (AD)

A = pycm +we '

An integration step is performed within the control vol-
ume. Then, the governing equations of the coupled heat
and moisture transfer can be described as a matrix form by
adopting the central difference method at the discrete nodes:

L

T
A A Ay A4y A 1 )
SR RAY —f o 20 —w] | T | _[AT)
R 2% SR -RmAiA-R]en | S

z

ol

where the superscript 1 denotes the state to be solved in the
current time step; 0 represents the state already been solved
in the previous time step.
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For the two nodes adjacent to the heat exchanger. Com-
bining with Fig. 4, the energy equation is converted into
Eq. (A3), by substituting Eq. (17) into Eq. (Al):

1
oT (Tf—Tii 1)
ASAx = AV + AT + dp~— L

= 2 (A3)

Then the matrix for solving the nodes adjacent to the
heat exchanger can be converted into the following form:

T,

T
BN B el | ol B et
—mogog -RoRegar-2 ||ol Gl

;i

o

(A4)

The EDW system consists of four main layers: mortar,
EPS, concrete, and soil. An accurate result can be obtained
by placing a node at the interface between the layers, as
depicted in Fig. Al. The contact resistance of the thermal
and moisture between different materials is ignored, and
the heat and moisture capacity controlled by the “placed-
node” can be described by Egs. (A5) and (A6):

% (pioiciot) + % (Pis1Cis1)
A Ay
2 2

pi¢i =

Axp(p;_icio1) + Axp(prs1Civ1)
_ i i , A5
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-t AR
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The discrete equations can also be expressed in the form

of Egs. (A7) and (AS) for the moisture content and temper-
ature are continuous driving potentials.

Axa(piscio) + Axg(piet) T = T7
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Fig. Al. Schematic of the coupled multilayer materials.

A.2 Polar analysis tables of the orthogonal test

K—K, represent the sum of the changes in the results
of the five factors at the four levels. For example, these
five numbers in the K; row of Table Al are the sum of
the heat flux changes (Table 4) corresponding to the
parameters: temperature of heat exchanger in summer,
indoor temperature in summer, temperature of heat
exchanger in winter, indoor relative humidity, and indoor
temperature in winter. k—k4 are the K|—K, divided by the
number of levels (4 levels). “R” denotes the extremely
poor of ky to k4 in each parameter. For instance, the max-
imum and minimum k in summer in Table Al to the
parameter S1 are 27.63 and —38.97, and the extremely
poor is 66.60.
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Table Al

Polar analysis results of the influence on the heat flux.

Summer S1 S2 S3 S4 S5
K, —155.88 43.99 —22.46 -23.41 —22.44
K —66.86 -0.37 —22.45 -22.88 -22.62
K; 21.77 —44.74 -22.82 —22.24 —22.65
Ky 110.51 -89.33 -22.72 -21.91 -22.75
ki -38.97 11.00 -5.62 -5.85 -5.61
k> -16.71 -0.09 —-5.61 =572 —5.65
ks 5.44 -11.19 -5.70 -5.56 —5.66
ky 27.63 —22.33 —5.68 —5.48 —-5.69
R 66.60 33.33 0.09 0.38 0.08

Sorting R:S1>82>854>83>S5

Transition season 1 S1 S2 S3 S4 S5
K 177.31 —333.37 167.44 —164.69 —-506.07
K -51.27 —221.34 —55.13 —164.81 —278.98
K; —279.59 —109.62 -276.25 —165.74 -51.81
Ky —508.09 2.69 —497.70 -166.41 175.22
ky 44.33 —83.34 41.86 —41.17 -126.52
k> —12.82 -55.34 —13.78 -41.2 —69.74
k3 —69.90 -27.40 —69.06 —41.43 -12.95
ky —127.02 0.67 —124.42 —41.60 43.80
R 171.35 84.01 166.28 0.42 170.32

Sorting R:S1>S85>83>82>54

Winter S1 S2 S3 S4 S5
K —62.35 —62.56 30.57 —63.55 —155.16
K —61.93 —62.33 -31.53 —62.54 —-93.40
K; —62.44 —62.13 -93.52 —61.76 -31.44
Ky —62.62 -62.32 —154.87 —61.49 30.66
ky -15.59 —15.64 7.64 -15.89 —-38.79
k> —15.48 —15.58 —7.88 —-15.63 —23.35
ks -15.61 —-15.53 —23.38 —15.44 -7.86
ky —-15.65 —15.58 -38.72 -15.37 7.67
R 0.17 0.11 46.36 0.52 46.45

Sorting R:S5>83>8S4>S1>82

Transition season 2 S1 S2 S3 S4 S5
K, 134.32 —280.99 139.44 —143.40 —414.86
K —47.63 —186.64 —47.92 —141.09 —232.28
K3 —232.61 -93.49 —234.24 —139.20 —48.49
Ky —415.46 —-0.26 —418.67 —-137.70 134.25
ky 33.58 -70.25 34.86 —35.85 -103.72
k> -11.91 —46.66 —11.98 -35.27 —58.07
ks —58.15 -23.37 —58.56 —34.80 -12.12
ky —103.87 —-0.06 —104.67 —34.42 33.56
R 137.45 70.18 139.53 1.42 137.28

Sorting R:S3>S1>S85>82> 54




218 X. Zhou et al. | Underground Space 23 (2025) 193-219

Table A2

Polar analysis results of the influence on water vapor flux.

Summer S1 S2 S3 S4 S5
K —56.03 13.26 —2.45 21.09 2.72
K, -20.17 -2.38 1.10 4.68 4.63
K 17.60 -3.77 -2.37 -11.80 —6.17
K, 4791 -17.81 —6.97 -24.66 -11.87
ky —14.01 3.31 —-0.61 5.27 0.68
153 —5.04 -0.60 0.28 1.17 1.16
k3 4.40 —-0.94 —0.59 -2.95 -1.54
ky 11.98 —4.45 -1.74 —-6.17 -2.97
R 25.99 7.77 2.02 11.44 4.13

Sorting R:S1>S4>82>85>83

Transition season 1 S1 S2 S3 S4 S5
K —111.00 —114.68 -8.46 —186.83 —116.52
K —67.11 —80.03 —64.52 -122.23 —106.55
K; -101.84 —76.42 -126.91 —48.24 —64.06
Ky -61.79 —70.60 —141.84 15.56 —54.60
ki -27.75 -28.67 -2.11 —46.71 -29.13
k> -16.78 —20.01 -16.13 —-30.56 —26.64
k3 —25.46 -19.10 -31.73 -12.06 -16.02
ky —15.45 —17.65 —35.46 3.89 —13.65
R 12.30 11.02 33.35 50.60 15.48

Sorting R:S4>S83>S5>S1>82

Winter S1 S2 S3 S4 S5
K —313.63 —192.95 175.31 —535.66 —303.20
K, 88.91 -52.75 —157.53 —305.97 —267.40
K —273.00 —206.62 —380.23 —64.20 -30.67
K, —185.81 -231.21 —321.08 222.29 -82.26
ky —78.41 —48.24 43.83 —133.91 —75.80
ko 22.23 -13.19 -39.38 —-76.49 —66.85
k3 —68.25 -51.66 -95.06 —16.05 -7.67
ky —46.45 -57.80 -80.27 55.57 -20.57
R 100.64 44.62 138.89 189.49 68.13

Sorting R:S4>S83>S1>S85>82

Transition season 2 S1 S2 S3 S4 S5
K -85.16 —78.82 -5.36 -117.63 -87.85
K —59.56 —61.65 —42.73 —80.31 —76.04
K; —63.33 -51.92 —89.61 -39.19 —48.65
Ky -36.52 -52.17 —106.87 —7.45 -32.02
ki -21.29 -19.71 -1.34 -29.41 -21.96
k> -14.89 —15.41 —10.68 —20.08 —19.01
k3 -15.83 -12.98 -22.40 -9.80 -12.16
ky -9.13 —13.04 -26.72 —-1.86 -8.01
R 12.16 6.73 25.38 27.54 13.96

Sorting R:S4>8S3>S5>82>S1
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