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Featured Application: A new heat transfer calculation method for ground-coupled floors was
established. This method was applied particularly to temporary emergency housing. Results
showed it was more efficient than the finite volume method. The effects of initial soil temperature
were not ignorable in hot and cold climates. Insulation could slow down but not prevent the heat
release of soil.

Abstract: Generally, ground-coupled floor heat transfer is supposed as annual periodic, which is
reasonable for conventional buildings. However, for emergency housing with a short life cycle, the
influence of initial soil temperature needs to be considered. In a previous study, the Wiener–Hopf
technique was introduced to solve the two-dimensional transient heat transfer equation with mixed
Dirichlet and Robin boundary conditions. Based on that, an analytical solution of the dynamic heat
transfer equation with initial soil temperature conditions was obtained. Since the solution was in the
form of a double integral, its numerical evaluation method was also analyzed to improve compu-
tational efficiency. The accuracy and efficiency of the solution were validated by the finite volume
method. Then, the effects of initial soil temperatures in different seasons, soil heat conductivities,
and floor insulation on ground-coupled heat transfer were discussed. Results showed significant
temperature differences between the current solution and the annual periodic solutions (long-time
solutions), especially in hot and cold climates. Moreover, the larger the thermal capacity of the soil,
the bigger temperature differences occurred. Therefore, this study is expected to provide a theoretical
foundation for the indoor environment prediction and optimization design of emergency temporary
housing.

Keywords: emergency temporary housing; building simulation; ground-coupled heat transfer; heat
transfer equation; mixed boundary conditions

1. Introduction

Building simulation tools are often used to evaluate the indoor thermal environment
and energy demand of buildings. Because of the lack of straightforward mathematical
expressions, calculating fast and accurately the ground-coupled heat transfer is a difficult
task [1]. Heating losses to the ground could be around 50% of annual building energy
consumption, particularly for low-rise buildings [2]. The interest and importance of ground-
coupled floor heat transfer attract researchers to develop various calculation methods.
These methods could be categorized into five groups: simplified method, analytical solution,
numerical modeling, response factor method, and artificial intelligence-based method [3,4].

Simplified methods, such as the ASHRAE slab-on-grade heat transfer calculation
method [5] and the ISO 13370 simplified method [6], could provide quick calculations of
stead-state or long-time heat transfer, which are derived from analytical or empirical results.
The DOE-2.1e building simulation software uses a one-dimensional approximation method
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to calculate the transient ground heat transfer. However, a higher and delayed peak heat
flux was reported when it was compared with numerical results [7].

In fact, there was no success in finding three-dimensional transient analytical solutions,
even for a simple slab-on-grade problem [1]. Only if a harmonic time-dependence heat
transfer was assumed could long-time solutions be expressed as a function of a steady-state
solution and an angular frequency. In 1983, Delsante et al. [8] derived a two-dimensional
and a three-dimensional steady-state solution for rectangular floors. That could be used
when temperature or heat flux is specified at the floor surface. As for mixed temperature-
flux conditions, an approximation approach was also presented by Delsante [9]. Then,
Davies [10] developed a three-dimensional approximation solution based on Delsante’s
two-dimensional solution, and other researchers extended it to a calculation for arbitrary
floor shapes [11].

A numerical method is also an option in building simulation software such as Energy-
Plus and TRNSYS. In EnergyPlus, a finite-difference processor module is used to calculate
the monthly average temperature under a concrete slab [12]. Varieties of parameters, in-
cluding climate, floor shape, soil condition, and building shading, can be inputted into
the module. Similarly, ground contact slab temperature is calculated at every time step
through a three-dimensional finite-difference slab model in TRNSYS [2]. Obviously, it costs
a longer computation time.

The thermal response factor method, presented by Stephson and Mitalas [13,14], de-
scribes the heat transfer characteristics of building components as a series of response
factors or transfer functions. It involves less arithmetic than finite-difference calculation,
which means a higher computational efficiency [15]. However, its use on three-dimensional
problems seems to be difficult. In general, a one-dimensional approximation model com-
bining numerical or empirical values is necessary [16]. Although there might be large
inaccuracy, it is still a workable approach for dealing with complex floor configuration
situations [7,17].

Artificial intelligence-based methods predict building heat loads according to variables
such as climate conditions and building characteristics. Compared with the complex
models built in building simulation tools, artificial intelligence models have the advantages
of model simplicity, fast calculation speed, and high accuracy. On the other hand, the
models require historical data to train the model and require to be re-trained for different
buildings [4].

Differently from conventional buildings, temporary housing usually is constructed
directly on the ground and has a shorter life cycle [18–22]. Thus, the ground-coupled
heat transfer could not reach an annual periodic state [23]. The annual periodic assump-
tion would cause an underestimation of ground-coupled floor heat losses in temporary
housing. Since the thermal performance and indoor environment of temperature hous-
ing have gotten much attention, calculating the floor heat transfer accurately in that is
meaningful [24–28]. However, long-time analytical solutions could not calculate the ini-
tial transient heat transfer, and accurate numerical methods require longer running time.
Recently, the two-dimensional heat transfer equation with mixed Dirichlet and Robin
boundary conditions was solved analytically by Gorbushin et al. [29]. Based on it, the
current study is expected to develop a three-dimensional approximation calculation of
the ground-coupled floor heat transfer in temporary housing. In addition, the calculation
method could balance effectiveness and efficiency.
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2. Solving the Heat Transfer Equation
2.1. Heat Transfer Equation
2.1.1. Temperature Boundaries

The heat balance of the ground surface includes the conduction with soil, the convec-
tion with air, and the radiation with the sun. In order to facilitate the study, the ground
surface is treated as the Dirichlet boundary condition [30].

Tos = Toa + γI/ho, (1)

where Tos is outdoor ground surface temperature, ◦C; Toa is the outdoor air temperature,
◦C; γ is the absorptivity of ground surface; I is the solar radiation intensity, W/m2; ho is
outdoor convective heat transfer coefficient, W/(m2·K). Then it can be expanded into the
Fourier series,

Tos(t) = Tom +
∞

∑
n=1

(Bn sin ωnt + Cn cos ωnt), (2)

where Tom is annual mean temperature of outdoor air, ◦C; ω is angular frequency, rad/s; t
is time, s.

The heat balance of the floor surface includes the conduction with the ground, the con-
vection with indoor air, and the radiation with the interior surfaces of the walls. Moreover,
sometimes, there might be insulation on the floor. Assuming the heat storage capacity of
insulation is so small as to be negligible, the indoor surface convective coefficient could be
equivalent to its heat resistance,

he = 1/(R + 1/hi). (3)

Here, he is the equivalent convective coefficient, W/(m2·K); R is the heat resistance of
insulation, m2·K/W; hi is the floor surface convective coefficient, W/(m2·K). Thus, the floor
surface is considered as the Robin boundary condition. Similarly, indoor air temperature
can also be expanded into the Fourier series.

Tia(t) = Tim +
∞

∑
n=1

(Dn sin ωnt + En cos ωnt), (4)

where Tim is the annual mean temperature of indoor air, ◦C.

2.1.2. Governing Equation

As for the two-dimensional ground-coupled floor heat transfer in temporary housing,
as shown in Figure 1, the governing equation is

∂T(x, z, t)
∂t

= α · ∇2T(x, z, t). (5)

Here, z is the depth of the soil, m, and positive denotes the downward direction vertical to
the ground; α is soil heat diffusion coefficient, m2/s;∇ is the Laplace operator. α = λ/(ρ cp),
where λ is soil heat conductivity, W/(m·K); ρ is soil density, kg/m3; and cp is soil specific
heat capacity, J/(kg·K).



Appl. Sci. 2022, 12, 11844 4 of 15
Appl. Sci. 2022, 12, 11844  4 of 16 
 

 

Figure 1. Ground‐couple floor model of: (a) heat transfer; (b) semi‐infinite solid. 

Indoor  floor surface (x < 0)  is considered as Robin condition, and outdoor ground 

surface (x > 0) is Dirichlet condition. 

     

   

*
ia

os

,0,
,0, ,  0;

,0, ,  0,

T x t
T x t h T t x

z

T x t T t x


    


  

   (6)

where h* = λ/h.  If  the  indoor  floor  is attached  to  insulation,  the equivalent  convective 

heat transfer coefficient can be calculated by Equation (3). 

The initial condition is 

   0, ,0 .T x z T z    (7)

 0T z  could be calculated by the one‐dimensional soil heat transfer problem. 

2.2. Superposition Principle 

According  to  the  superposition  principle,  as  shown  in  Figure  2,  the  governing 

Equations (5)–(7) can be written as the sum of two equations. Suppose that T = θ1 + θ2, 

then 

   

   

 

2
1 1

2

1 os

1

, ,
;

0, ;

,0 0,

z z

z

T

z

   




  



 
   










   (8)

and 

xo

z

Tia(t)

he Tos(t)

+∞−∞

T0(z)

2L

L

Z

Xhi

ρ, cᵥ, λ

R

(a) (b)

+∞

Figure 1. Ground-couple floor model of: (a) heat transfer; (b) semi-infinite solid.

Indoor floor surface (x < 0) is considered as Robin condition, and outdoor ground
surface (x > 0) is Dirichlet condition.{

T(x, 0, t)− h∗ · ∂T(x,0,t)
∂z = Tia(t), x < 0;

T(x, 0, t) = Tos(t), x > 0,
(6)

where h* = λ/h. If the indoor floor is attached to insulation, the equivalent convective heat
transfer coefficient can be calculated by Equation (3).

The initial condition is
T(x, z, 0) = T0(z). (7)

T0(z) could be calculated by the one-dimensional soil heat transfer problem.

2.2. Superposition Principle

According to the superposition principle, as shown in Figure 2, the governing Equa-
tions (5)–(7) can be written as the sum of two equations. Suppose that T = θ1 + θ2, then

∂θ1(z,τ)
∂τ = α · ∂2θ1(z,τ)

∂z2 ;
θ1(0, τ) = Tos(τ);
θ1(z, 0) = 0,

(8)

and 
∂θ2(x,z,t)

∂t = α · ∇2θ2(x, z, t);
θ2(x, 0, t)− h∗ · ∂θ2(x,0,t)

∂z = f (t), x < 0;
θ2(x, 0, t) = 0, x > 0;
θ2(x, z, 0) = 0.

(9)

f (t) = Tia(t)− Tea(t). (10)

Tea(t) = Tos(t) + q(t) · h−1. (11)

The time τ counts before the building is constructed, while time t counts after that.
The heat flux q(t) could be obtained by solving Equation (8).
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Figure 2. Linear decomposition of ground-coupled floor heat transfer equation.

Equation (8) describes the heat storage and release process of soil without building
shelter, i.e., a classical one-dimensional semi-infinite solid heat transfer problem. When the
boundary condition is Fourier series as Equation (2), and θ1(x, z, t)→ Tom at z→ ∞, the
steady periodic solution of soil temperature is [31],

θ1(z, t) = Tom +
N

∑
n=1

e−z/dn · [Bn sin(ωnt− z/dn) + Cn cos(ωnt− z/dn)], (12)

dn =
√

2α/ωn. (13)

The heat flux q(t) at z = 0 is

q(t) = λ ·
N

∑
n=1

d−1
n · [(Bn − Cn) · sin ωnt + (Bn + Cn) cos ωnt]. (14)

2.3. Solution of Mixed Boundary Problem

For the convenience of solving governing Equation (9), t* = t/α is defined. Then ap-
plying the Fourier transform in space x and the Laplace transform in time t* to temperature
θ2(x, z, t*), respectively. It is obtained that [29],

Θ2(p, z, s) =
∫ ∞

0

(∫ ∞

−∞
θ2(x, z, t∗)e−jpxdx

)
e−st∗dt∗, (15)

where j2 = −1. The boundary condition could be written as

θBC(x, 0, t∗) = f (t∗) · H(−x). (16)

H(−x) is the Heaviside step function. With the application of transforms, it becomes

ΘBC(p, 0, s) =
[

πδ(p)− 1
jp

]
· F(s). (17)

δ(p) is the Impulse function. F(s) is the Laplace transform result of f (t*).
According to the differentiation properties of integral transforms, governing

Equation (9) could be reduced to a linear 2nd-order differential equation with constant
coefficients. Supposing that θ2(x, z, t)→ 0 at z→ ∞, the form of general solution is

Θ2(p, z, s) = Γ2(p, s) · e−z
√

p2+s. (18)



Appl. Sci. 2022, 12, 11844 6 of 15

By applying the Wiener–Hopf technique [32], it could be calculated that

Γ2(p, s) =
ΘBC(p, 0, s)

1 + h∗
√

s
·
√
−j
(
1 + h∗

√
s
)
· K+(p, s)

K(p, s)
. (19)

K(p, s) = 1 + h∗ ·
√

p2 + s (20)

is the kernel function. In addition,

K+(p, s) = k+(p, s) · K+
0 (p, s),k+(p, s) =

√
h∗p + j

(
1 + h∗

√
s
)
. (21)

K+
0 (p, s) =

√
K0(p, s) · exp

[
− 1

2πj
P.V.

∫ ∞

−∞

ln K0(ξ, s)
(p− ξ)

dξ

]
, (22)

where P.V. denotes the Cauchy principal value integral.

K0(p, s) = K(p, s)/k(p, s),k(p, s) =
√
(h∗p)2 +

(
1 + h∗

√
s
)2. (23)

2.4. Heat Fluxes Calculation

Heat fluxes through ground-coupled floors could be divided into two parts [5]. One
part is the one-dimensional heat transfer along the z-axis, which is called the “face heat
flux”. At enough distance away from walls, the heat transfer could be thought of as
only one-dimensional. Another part is the heat transfer between the inside and outside
environment near walls, which is called the “edge heat flux”. It is obtained by subtracting
the face heat flux from the total heat flux.

3. Numerical Evaluation and Validation
3.1. Numerical Evaluation of the Solution

Substitute Equation (19) into Equation (18), and then use the inverse Fourier transform
and the inverse Laplace transform to obtain the temperature distribution θ2(x, z, t) in
Equation (9). However, to analytically calculate the inverse transforms is so difficult, even
impossible. Thus, a numerical evaluation method is discussed.

Firstly, the fast Fourier transform (FFT) method could calculate the inverse Fourier
transform efficiently. Noting that there is a singularity at p = 0. So

ΘBC(p, 0, s) = − 1
jp− ε

· F(s) (24)

is used to replace Equation (17), where ε > 0 and ε→ 0. Subtract and add the same term to
the right-hand side of Equation (18) as [29]

Θ2(p, z, s) = Γ2(p, s) · e−z
√

p2+s − ΘBC(p, 0, s)
1 + h∗

√
s
· e−z·(|p|+

√
s) +

ΘBC(p, 0, s)
1 + h∗

√
s
· e−z·(|p|+

√
s), (25)

making sure that the sum of the first two terms on the right side is equal to 0 at p = 0. The
remained third term could be analyzed separately, as

1
2π

∫ ∞

−∞

ΘBC(p, 0, s)
1 + h∗

√
s
· e−z·(|p|+

√
s)+jxpdp =

F(s)
1 + h∗

√
s
·
[

1
2
− 1

π
· arctan

( x
z

)]
· e−z

√
s. (26)

Secondly, since the complex logarithm of the complex function K0(ξ, s) is that

ln K0(ξ, s) = ln|K0(ξ, s)|+ j · argK0(ξ, s), (27)
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the integral in Equation (22) is divided into two terms

1
π

P.V.
∫ ∞

−∞

ln K0(ξ, s)
(p− ξ)

dξ =
1
π
·
∫ ∞

−∞

ln|K0(ξ, s)|
(p− ξ)

dξ +
j
π
·
∫ ∞

−∞

argK0(ξ, s)
(p− ξ)

dξ. (28)

These integrals in Equation (28) are known as the Hilbert transform, which also could
be approximated based on the FFT algorithm [33]. The
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[.] denotes the Hilbert transform.
As shown in Figure 3, the Hilbert transform of the argument function arg K0(ξ, s) has an
absolute maximum of under 0.08 when the argument of s belongs to (−π/2, π/2). Only half
of the value of the Hilbert transform is the index of the exponential function in Equation (22).
Even if it was treated as 0, the relative errors of results obtained are less than 5%. Thus,
by ignoring the second term on the right-hand side of Equation (28), Equation (22) can be
simplified to save computation time.
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Finally, the convolution quadrature method [34] is applied to evaluate the inverse
Laplace transform.

3.2. Validation
3.2.1. Temperature Boundaries

As shown in Figure 4, a case study of Chengdu city [35], the daily average outdoor
ground surface temperatures were calculated by Equation (1). As shown in Figure 5, three
terms of its Fourier series were picked.

Tos = 20.14 + 0.29 sin ω1t− 11.33 cos ω1t, (29)

where ω1 = 2π/(8760 × 3600).
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Figure 4. Daily mean ground surface temperature in Chengdu.

Appl. Sci. 2022, 12, 11844  8 of 16 
 

3.2. Validation 

3.2.1. Temperature Boundaries 

As shown in Figure 4, a case study of Chengdu city [35], the daily average outdoor 

ground  surface  temperatures were  calculated by Equation  (1). As  shown  in Figure  5, 

three terms of its Fourier series were picked. 

os 1 120.14 0.29sin 11.33cos ,T t t      (29)

where ω1 = 2π/(8760 × 3600). 

 

Figure 4. Daily mean ground surface temperature in Chengdu. 

 

Figure 5. Outdoor ground surface temperatures and indoor air temperatures. 

Then,  an  acceptable  indoor  thermal  environment was  assumed,  e.g.,  indoor  air 

temperatures were linearly correlated to outdoor air [20], 

ia oa0.556 10.9.T T    (30)

Similarly, three terms of its Fourier series were picked. 

ia 1 120.11 0.27sin 5.31cos .T t t      (31)

   

1/1 2/1 3/1 4/1 5/1 6/1 7/1 8/1 9/1 10/111/112/1 1/1
0

5

10

15

20

25

30

35

40

D
ai

ly
 m

ea
n 

gr
ou

nd
 s

ur
fa

ce
 te

m
pe

ar
tu

re
 (
℃

)

Time

1/1 2/1 3/1 4/1 5/1 6/1 7/1 8/1 9/1 10/111/112/1 1/1
5

10

15

20

25

30

35

   Tos

   Tia

T
em

pe
ra

tu
re

 (
℃

)

Time

Figure 5. Outdoor ground surface temperatures and indoor air temperatures.

Then, an acceptable indoor thermal environment was assumed, e.g., indoor air tem-
peratures were linearly correlated to outdoor air [20],

Tia = 0.556Toa + 10.9. (30)

Similarly, three terms of its Fourier series were picked.

Tia = 20.11− 0.27 sin ω1t− 5.31 cos ω1t. (31)

3.2.2. Comparison with Fluent Simulated Results

With the numerical evaluation method discussed above, the soil temperature could
be easily calculated by the Matlab tool. Table 1 lists the thermophysical properties of soil
and ground surfaces. The temperatures in the range of −10 m ≤ x ≤ 10 m were calculated.
The step size was ∆x = 0.05 m, and the time step size was ∆t = 86,400 s. The Ansys Fluent
software based on the finite volume method was utilized to validate the accuracy of the
analytical solution and its numerical evaluation. A two-dimensional rectangular physical
model was established, as diagonal stripes filled the region in Figure 1. Detailed sizes were
that the indoor floor length was L = 5 m, the outdoor ground length was X = 5 m, and the
soil depth was Z = 5 m. Then, regular mesh with step sizes of 0.1 m on both horizontal and
vertical directions, as well as time step size ∆t = 259,200 s, were chosen.
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Table 1. Detailed thermophysical properties of ground-coupled floors [28,36].

Parameters Units Value Parameters Units Value

Soil heat conductivity
(λ) W/(m·K) 2 Ground surface absorptivity (γ) - 0.8

Soil density
(ρ) kg/m3 1500 Outdoor convective heat transfer coefficient (ho) W/(m2·K) 23

Soil specific heat
(cp) J/(kg·K) 1350 Indoor convective heat transfer coefficient (hi) W/(m2·K) 8.7

Figures 6 and 7 described, respectively, the soil temperature distribution along the x
dimension and the temperature variation over time. At x→ +∞, the soil heat conduction
could be thought of as one-dimensional in Equation (8). Its temperature distribution along
the z-axis was calculated by Equation (12), which was marked with solid red circles in the
figures. While, at x→−∞, the soil temperature also conformed to a one-dimensional heat
transfer model. Carslaw and Jaeger analyzed it and obtained the solution in the integral
form [37], which was calculated and marked with solid red circles as well.
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Figure 7. Soil temperature variation over time at (a) z = 0.05 m; (b) z = 0.55 m.

As shown in Figure 6, both at a soil depth of z = 0.05 m and z = 0.55 m, the numerical
temperature results calculated by Matlab were in accord with the data simulated by Fluent.
At the same time, for three time points (April, August, and December), their temperature
trends, both in the positive and negative direction, were close to the exact solutions (red
circle marks). It is worth mentioning that the FVM computation by Fluent took about
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several minutes, and the current method spent about several seconds. Therefore, it proved
that the analytical solution evaluated numerically was accurate and efficient.

Figure 7 shows the soil temperatures varied with time at eight points (−1.0, 0.05),
(−0.05, 0.05), (0.05, 0.05), (1.0, 0.05), (−1.0, 0.55), (−0.05, 0.55), (0.05, 0.55), and (1.0, 0.55).
As was seen in the figure, the calculated temperatures by Matlab agreed well with the data
by Fluent. It also could be found that the temperatures at x = 1.0 m and x = −1.0 m were
closed to the exact solutions (red circle marks), which meant that the heat of the indoor
floor and outdoor ground exchanged mainly around walls within the range of 1 m. Thus,
calculating the heat transfer of the ground-coupled floor in temporary buildings by the
current method was reliable.

4. Results and Discussion
4.1. Differences with Long-Time Solutions

The long-time solutions of ground-couple heat transfer were developed mostly in
previous studies, which ignored the initial temperature of the soil. In the current study, the
initial conditions were also considered. The temperature at two positions of x = −0.05 m
and x = −1.0 m were picked to represent the floor temperature distribution. Referring to
Figure 6a, floor surface temperature had almost uniformly distributed in space, except
for a small distance near walls (x = 0). Figure 8 shows the floor surface temperature in
temporary housing built at different seasons. When buildings were built in the cold season,
for example, on 1 January (Figure 8a), floor temperatures at the initial stage were lower than
the long-time solution. In contrast, when buildings were built in the hot season, e.g., on 1
July (Figure 8c), the long-time solution underestimated the floor temperature at the initial
stage. A visible temperature difference between the two solutions occurred if buildings
were built in hot summer and cold winter. However, no obvious difference was found if
temporary housing was built in transition seasons, seen in Figure 8b,d.
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Figure 8. Floor temperatures in temporary housing built (a) on 1 January; (b) on 1 April; (c) on 1 July;
(d) on 1 October.

Figure 9 compares the floor surface heat fluxes between the current calculation and
the long-time solution. Set 1 January and 1 July as examples of the cold and hot climates,
respectively. Heat fluxes transferred into the indoor environment were defined as positive.
It showed that there were obvious differences in the face and edge heat fluxes. Edge
heat fluxes along with the wall were overestimated by the long-time solution both in cold
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and hot conditions. Moreover, the face heat fluxes of the two methods are directed in
opposite directions.
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Figure 9. Indoor floor surface heat fluxes in temporary housing built (a) on 1 January; (b) on 1 July.

Long-time solutions to ground-coupled heat conduction have been commonly inves-
tigated over the past several decades. Firstly, the initial transient was unimportant for
air-conditioning calculation in conventional buildings. Secondly, it is quite difficult to
solve the three-dimensional transient equations analytically. Nonetheless, some researchers
have discussed the influence of initial soil conditions [38]. Luo et al. [39] found that more
than 200 h of indoor temperature data had been significantly affected by the initial soil
temperature conditions. Lachenbruch’s calculation showed that it took more than three
years before ground-coupled heat transfer reached a steady annual periodic cycle for a
rectangular slab of 100 ft × 30 ft [23,40]. The finding of this study was closer to Luo’s
result. Given that a bigger slab size was calculated by Lachenbruch, it could be deduced
that larger ground thermal storage capacities could result in bigger calculation differences.
Moreover, floor insulation and extreme outside temperature conditions did matter.

4.2. Effects of Soil Heat Conductivity

The higher the heat transfer capacity of the soil, the more heat or cold is stored in it.
Figure 10 exhibited the floor surface temperature differences between the current study
and the long-time solution at x = −1.0 m. Enough distance away from walls could lower
the influence of the outdoor environment. It could be seen that temperature differences
increased with the heat conductivity of the soil.

As shown in Figure 11, the face heat flux of the ground-couple floor was negative for
temporary housing built in cold climates and was positive when built in hot climates. With
the increase in soil heat conductivity, the absolute value of face heat flux increased. So did
the edge heat flux.
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Figure 10. Calculated floor surface temperature differences with a long-time solution at x = −1.0 m
for new buildings built (a) on 1 January; (b) on 1 July.
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Figure 11. Ground-coupled heat fluxes in temporary housing built (a) on 1 January; (b) on 1 July.

4.3. Effects of Floor Insulation

The expanded polystyrene (EPS) foam with heat conductivity of 0.042 W/(m·K) was
assumed as floor insulation to study its effects on the floor surface heat flux. As shown in
Figure 12, EPS insulation could obviously reduce both the face and the edge heat fluxes.
The floor insulation could effectively decrease the heat transfer near walls, as 0.01 m and
0.02 m insulation could averagely reduce about 27% and 40% of the edge heat fluxes. As
for face heat fluxes, the floor insulation resulted in a reduction at first and an increase then.
The opposite direction of heat flux occurred in cold and hot climates. That is, the floor
insulation just slowed down rather than prevented the cold or heat release of the ground.
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Figure 12. Effects of floor insulation on the face and edge heat fluxes of floor surface in temporary
housing built (a) on 1 January; (b) on 1 July.

5. Conclusions

Ground-coupled heat transfer calculation is an important and difficult issue in building
simulation and air-conditioning design. A new semi-analytical calculation method was
presented, in the current study, based on a two-dimensional transient heat transfer equation.
Compared with the long-time solutions in previous studies, the new method could also
calculate the initial transient heat transfer. Prior to this, numerical simulation methods
are almost the only way to solve the initial transient ground-coupled issue. The current
method is significant for temporary housing that is built rapidly and is of a short life cycle.
At the same time, the method is more efficient than common numerical methods due to no
iterative process.

The large influence of soil initial temperature conditions occurs in hot and cold climates
when the indoor environment is exactly a concern. A more accurate calculation would be
provided by the current method, while long-time solutions might even misestimate heat flux
directions. It was concluded that larger ground thermal capacity would have more effects
on the initial heat transfer of ground-coupled floor. That is, thermophysical parameters
of ground, such as the density, the heat conductivity, and the specific heat capacity, are
of significance. Moreover, insulation could effectively reduce the heat exchange between
indoor and outdoor environments and slow down the thermal release of ground.

The same as other analytical solutions, the current method is not able to deal with
complex floor configuration problems. In addition, the coupled calculation of floor and
building envelope heat transfer would be furtherly studied in future work, and helpful
guidance could be provided for the air-conditioning design and energy demand prediction
in temporary housing.
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Nomenclature

cp specific heat capacity, J/(kg·K)
T temperature, ◦C
t time, s
t* t* = t/α

L half-length of floor, m
l thickness of floor insulation, m
h convective heat transfer coefficient, W/(m2·K)
h* h* = λ/h
I solar radiation intensity, W/m2

j j2 = −1
R heat resistance of insulation, m2·K/W
X length of outdoor ground, m
x horizontal coordinate, m
Z depth of the soil, m
z vertical coordinate, m
Greek symbols
α heat diffusion coefficient, m2/s
γ surface absorptivity
θ temperature, ◦C
λ heat conductivity, W/(m·K)
ρ density, kg/m3

τ time, s
ω angular frequency, rad/s
Subscripts
a air
e equivalent
i indoor
m mean
n numbering
o outdoor
s surface
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