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Abstract: Interest in the use of container houses has been increasing in recent years because of their
resistance to earthquakes and fires. The incorporation of recyclable materials into these houses
will simultaneously reduce energy use and greenhouse gas emission rates. In this context, the
thermal performance of an external multi-layer wall of a container house mostly made of recyclable
materials is studied and compared to that of a normal wall. The current study proposes a completely
new structure, where there are air gaps and plastic layers between the steel sheets to enhance
thermal insulation. In these gaps, different gases including argon are tested to reduce the heat loss.
Calculations are carried out for a steady-state case in the winter season using the student version
of ANSYS 2023 R2 Academic software, and the heat loss is calculated for different materials and
different thicknesses of the wall layers. Afterward, based on a life-cycle cost analysis, the optimum
air gap materials, optimum thickness of plastic and air gap, and energy savings are determined for
a period of 20 years. We found that the optimum number of plastic layers to minimize the heating
load is 21, but this reduces to 11 when considering economic factors. Furthermore, if a reflective
layer covers the plastic layer, the optimum is just one layer. For an insulation thickness of 2 cm, the
maximum total life-cycle savings are 335.14 and 350.52 USD, respectively, and the minimum ones are
16.06 and 31.44 USD, respectively, for multi-layer walls with and without reflective layers compared
to conventional walls.

Keywords: argon insulation; container houses; recycled materials; radiation effect; optimization;
FEM simulation

1. Introduction

The burgeoning interest in the application of recycled materials for thermal insulation
in buildings has been a notable trend in recent years [1,2]. The integration of these materials
into building envelopes has the potential to significantly reduce energy consumption,
greenhouse gas (GHG) emissions, and environmental impact using recycled materials in
building construction and envelope design [3].

It is known that from the point of view of conduction, the best insulator is a vacuum
followed by some gases. The question immediately arises as to why we do not use them to
insulate our buildings. The main reason is that heat can transfer easily through them by
radiation and convection. The second reason is that to be contained, they need a vessel,
which may be expensive. In the case of container houses, the vessel can be the metal
wall itself if one considers not a single but a double wall with a sandwich structure or if
a phase-change material (PCM) is integrated into the container [4]. On the other hand,
radiative and convective heat transfer can be inhibited by thin intermittent layers.

The field of thermal insulation has been the subject of extensive research due to
its significant implications for energy efficiency, cost-effectiveness, and environmental
impact [5].
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Studies by Luis E. [6], Mavromatidis Lazaros et al. [7], Dina S. Noaman et al. [8], and
Hassan Kareem et al. [9] collectively explored the thermal efficiency and environmental
implications of various multi-layer thermal insulation systems, including designs with
multiple air chambers, expanded polystyrene (EPS) layers, medium-density fiberboard
(MDF) panels, and optimal air gap thicknesses, highlighting their potential for material
savings, enhanced thermal resistance, and energy-efficient construction.

D. Borelli et al. [10] defined a system to evaluate the optimal thickness of insulation for
various climatic zones in relation to the yearly energy balance, considering both heating and
cooling seasons; meanwhile, Nurlan Zhangabay et al. [11] developed air-gap energy-saving
enclosing structures.

Additionally, Walla Naje et al. [12] analyzed the temperature distribution across room
walls using Ansys Fluent with air gaps of 8 cm, 5 cm, and 2.5 cm; these studies collectively
enhance our understanding of thermal insulation systems and their implications for energy
efficiency, cost-effectiveness, and environmental impact, providing valuable insights into
sustainable construction practices and energy-efficient design.

Numerous empirical studies estimate the ideal thickness of thermal insulation materi-
als in building walls, accounting for factors such as climate, economic considerations (e.g.,
inflation, discount rate, longevity, and energy expenses), and building characteristics (e.g.,
heating/cooling loads, wall construction, and insulation material properties).

Life-cycle cost analysis-based economic models are often used to determine the optimal
insulation thickness and payback time. These studies indicate that higher heating and
cooling energy demands, longer building lifespans, inflation rates, energy prices, and
insulation material thermal conductivity tend to increase the ideal insulation thickness.
Conversely, higher discount rates, insulating material costs, total wall resistance, the
coefficient of performance (COP) of cooling systems, and solar radiation incident on walls
decrease the optimal thickness.

Furthermore, these characteristics significantly influence life-cycle costs, payback
times, and energy savings [13].

Sadrzadehrafiei et al. [14] conducted a study in a tropical climate, specifically in
Malaysia, to investigate the impact of triple glazing on cooling energy. The study examined
the energy savings in cooling through the use of triple glazing compared to a single layer
of transparent glass. Compared to single transparent glass, triple glazing reduced cooling
electricity use by 6.3%, according to the study. Although the difference was not statistically
significant, triple glazing with a 16 mm air gap resulted in higher savings than triple glazing
with a 15 mm air gap.

Another investigation, conducted on a building in Tripoli, Libya, indicated that levels
facing south greatly add to total energy consumption, with a rise in energy consumption of
between 6 and 181% corresponding to an increase in the number of front windows [15]. Sev-
eral researchers have pointed out that air conditioning systems account for a considerable
portion of commercial buildings’ overall yearly electricity consumption [16].

According to studies conducted in hot desert areas, a building’s cooling demand is
45 percent attributable to its glass facade [17,18]. Baetens et al. [17,18] also conducted a
literature assessment, exploring smart windows as a means to dynamically control solar
energy and daylight in buildings. Transparent conductors and electrochromic windows
made of various metal oxides and polymers were among the approaches covered in this
research. Compared to blinds, these smart windows cut illumination energy use by about
26%, and in warmer climates such as California, USA, they can cut peak cooling loads by
about 20%.

Hamidul Islam et al. [19] examined the use of shipping containers for buildings,
focusing on their carbon footprint and life-cycle environmental impacts, concluding that
these impacts increase significantly if the building’s design life extends to 100 years.

Okan Kon and Ismail Caner [20] explored thermal insulation criteria for five tempera-
ture zones in Turkey’s TS 825 standard, determining the minimum insulation thickness,
life-cycle savings (LCS), life-cycle total cost (LCTC), energy savings (ES), and payback
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period over ten years. They compared minimum and optimum insulation thicknesses for
LCS and LCTC based on energy consumption and savings, using materials such as XPS,
EPS, glass wool, rock wool, and polyurethane.

Maryam Dlimi et al. [21]. highlighted the growing popularity of bio-based thermal
insulating materials, which reduce energy usage and GHG emissions [22].

A life-cycle cost study determined the optimal hemp wool thickness, energy savings,
and payback time over 20 years. The 1D heat equation was solved using MATLAB for
various wall orientations, finding maximum insulation thicknesses of 5 cm for east and west
and 4 cm and 3 cm for south and north, respectively. Adding an air gap layer optimized
insulation further, with a thickness of 1.3 cm for all orientations, cutting yearly GHG
emissions by 71% [23].

Studies on multi-layer thermal insulation systems, including those with air chambers
and various insulating materials, demonstrate significant material savings and enhanced
thermal resistance. Optimal insulation thickness varies based on climatic zones, building
characteristics, and economic factors, with life-cycle cost analysis playing a crucial role
in determining the best solutions. The enhancement of Trombe wall systems’ efficacy in
specific climates by inert gases, particularly argon, is demonstrated. Both the experimental
and numerical investigations evidenced the minimal effects of channel width and vent
height variations. However, the air gap width and storage wall thickness were identified
as critical components. Substituting argon for air in the air gap significantly enhances
the system’s efficiency by approximately 14.8%. Employing argon gas can enhance the
cost-effectiveness and efficiency of passive heating systems in regions with comparable
climates. Adding argon to Trombe wall systems results in enhanced overall performance
and more consistent interior temperatures [23].

In our current work, we continue the above-mentioned investigations. Since, according
to our best knowledge, nobody examined container houses where there is an air-gap or
argon layer between two metal sheets up to now, there is a remarkable research gap here.
We use Ansys Workbench solutions that help engineers solve the most complex thermal
challenges and predict how their designs will perform with temperature changes. We
use various solvers, including Minitab 2023 Version 21.4.1, Isight 2019 version 6.3, and
the student version of ANSYS 2023 R2 Academic software, to systematically evaluate
the optimal design. Therefore, the paper is organized as follows: Section 2 provides the
definition of design steps and conditions for the simulation of the model’s wall, including
materials, equations, and boundary conditions, and Section 3 displays the verification.
Section 4 displays the first round of simulation by Ansys and optimization by design tools.
Section 5 presents the second round of simulation and optimization heat transfer results
and the economic feasibility study, while Section 6 concludes with a summary of our results.

2. Design Steps
2.1. Geometry

A simulation model was developed to represent a section of a wall with different
designs as can be seen in Figure 1. The dimensions in y and z are 1 m x 1 m, respectively.
After the design has been completed, the models will be compared in terms of heating
loads and economic feasibility.

The first type of design involves the use of conventional materials, such as brick and
concrete, depicted by Figure 1A,B. Figure 1A shows three layers: an internal plaster layer,
a brick layer, and an external cement layer. The wall in Figure 1B comprises four layers:
an internal plaster layer, a concrete layer, an insulating layer (EPS and glass wool), and an
external cement layer.

The second design is the proposed container house, which mostly involves the use of
recycled or recyclable materials, such as steel and recycled plastic. Figure 1C illustrates the
components of the proposed walls, whereas the optimal design tool aims to minimize heat
and cost by matching the values of input parameters. To enhance aesthetics and comfort,
we placed a layer of wood on the inside, which also helps to decrease heat loss. The steel
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provides stability to the structure of the house against earthquakes [24] and reduces the
risk of fires. Additionally, it acts as a container that contains the layers of gas, which are
separated by panels made of recycled plastic. The walls of container houses are usually
made of corrugated plates. For the sake of simplicity, we assume flat steel sheets instead.
The layers of steel on the inside and outside are very good heat conductors. There may be
places where the inner and outer steel layers touch each other (joints between parts of the
house), which work as thermal bridges. To reduce their effect, we assume an insulation
layer on the outside made of the same EPS as in the case of the conventional wall.

D IR l"

e e

=
Plaster Brick .
Cement Iil Insulator Gas

Figure 1. The components of the three walls. (A) Brick wall without insulation. (B) concrete wall

with insulation. (C) the proposed wall of the container house.

In the calculations, the thickness of wall A without insulation is 0.27 m, whereas the
thickness of plaster and cement is 0.01 m each, while the brick is 0.25 m. The thickness of
wall B with EPS and glass-wool insulation is 0.265 m, where the thickness of the concrete is
0.12 m, that of the insulation is 0.125 m, and the thickness of the plaster and cement is the
same as in wall A. In Section 5, for wall C, based on the optimal design, the total thickness
of the wall is fixed at 154 mm with dimensions based on the optimization of the overall
thickness of the wood layer at 10 mm, the thickness of the two layers of steel at 2 mm and
4 mm, and the EPS thickness at 20 mm. The thickness of the plastic panels is also fixed
at 2 mm. We then vary the number of plastic layers in the gas (between the 0.118 fixed
distance steel layers) to achieve the desired thickness.

2.2. Material Properties

The current study takes into account the real material properties listed in Table 1. Note
that these coefficients are not affected by changes in temperature, time, or space because
they are considered constants inside a material. We used a cement layer for external
surfaces as it withstands harsh environmental conditions, and we used a gypsum plaster
for internal surfaces because it offers a clean and aesthetic look to interiors.

Table 1. The properties of the materials used [25-27].

Materials p(kgm3) c(Jkg K1)  k(Wm K1) Price ($/m3)
Brick 1900 840 0.73 65
Concrete 2400 850 1.95 300
EPS insulation 320 1400 0.038 97.067
Glass-wool insulation 700 120 0.039 70
Gypsum plaster 1700 1000 0.726 50
Cement 2000 880 0.954 25

Wood 625 1300 0.12 694.25
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Table 1. Cont.

Materials p(kgm~3) c(Jkg K1)  k(Wm K1)  Price ($/m®)
Steel 7800 840 60.5 5109
Argon 5.704 0.3122 0.0158 5
Air 1.225 1005 0.0242 2
CO, 1.87 763 0.0166 50
Plastic 1250 880 0.15 800
Aluminum foil 2710 903 235 6330

2.3. Governing Equations and Solution Method
The approximations and hypotheses are the following:

1.  Ansys Fluent is used to simulate convective, conductive, and radiative heat transfer
within the cavities of the layers.

2. Itis assumed that the cavities” inner walls are gray, diffuse, and opaque.

The cavities are filled with gas, and the Boussinesq buoyancy hypothesis is adopted.

4.  The flow field is described as two-dimensional steady-state flow, i.e., du/dt =0, ov/dt = 0.

w

2.3.1. Governing Equations
The two-dimensional governing equations can be written as follows [28].
e  The continuity equation (conservation of mass principle)
IR 0
where u and v are the x- and y-component of the velocity (m/s), respectively.
e The momentum equations (conservation of momentum principle)

- along the x-axis

ou Ju,  dp ?u  du
P(“g‘“’@)*—g‘kﬂ(@*‘fyz) )
- along the y-axis
12 4020 =~ | pep(T — Ty + (20 + 220) @)
Pligy T09y) = ~ay TrEP ) TG T o2

where pgB(T — Tw) is the buoyancy Boussinesq approximation, p is density (kg/m?),
is the coefficient of thermal expansion (K™D, y is dynamic viscosity (kg/(ms)), g is the
gravitational acceleration of the Earth (m/s?), T is the temperature of the fluid (gas), and
Two is the temperature of the quiescent fluid away from the surface.

e The energy equation (conservation of energy principle)

() - (2T Ty "
ax ' Coy) pc\oxz T2 ) T
where k is thermal conductivity coefficient (W/(mK)) and c is specific heat (J/(kgK)), g is
the heat source (W/m?3).

The governing equations of natural convection are often non-dimensional, and in order
to reduce the total number of variables, the variables are combined to form non-dimensional
numbers.

e Dimensionless numbers
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The Prandtl number is physically defined as the ratio of the momentum diffusivity
v to the thermal diffusivity a. It provides a measurement of the effectiveness of diffusion

transfer through the velocity and thermal boundary layers; it is given as follows:
v

Pr=—

r== 6)
In terms of physics, Rayleigh number is the ratio of buoyancy, and the viscosity forces
multiplied by the ratio of momentum and the thermal diffusivities. It is defined as follows:

_ gBATL3
T

Ra (6)
where L is the characteristic length (m), AT is the characteristic temperature difference (K),
and v is the kinematic viscosity coefficient (m?/s). Most heat transfer below the crucial
Rayleigh number is accounted for via conduction. Convection is largely responsible for
heat transfer above this threshold temperature.

The ratio of convective to conductive heat transfer across the boundary is known as
the Nusselt number. It can be defined as

_ Qconv [hA(Tl - TZ)] hL

Nu = Qamd = {M} = ? (7)

where 1 is the convective heat transfer coefficient of the flow (W/(m?K)), A is the heat
transfer surface area (m2), T; is the temperature of the surface of the solid wall, and T5 is the
temperature of the fluid (gas) far from the surface. Consequently, the strength of convective
heat transfer in relation to conduction heat transfer through the liquid is indicated by the
Nusselt number. This indicates that as the Nusselt number rises, convective heat transfer
becomes dominant.

e  The results of the validation part were calculated in Fluent according to the follow-
ing equations:

1
qtot = Z/‘]Zocal “dA = Grad T Geonv (8)
~ Heonv * L
Nuconp = 4](('1";1 — Tc) (9)
~ Yrad - L
Nurad - k(Th — Tc) (10)
1
Nttt = / Nitjoeal - A = Nityag + Nitcono (11)

where T}, is the temperature of the hot surface, and T is the temperature of the cold surface.

2.3.2. The Equations’ Discretization

In computational fluid dynamics (CFD), the conservation equations that govern the
flow (the physical model) are written for each cell [29], and then the previous set of dif-
ferential equations are converted into a set of algebraic equations according to what is
called discretization, and then solving them using one of the methods used in numerical
solution [30]. To achieve the coupling and correlation between velocity and pressure in the
continuity and momentum equations, SIMPLE (Semi-infinite method for pursuer linked
equation) is utilized. For the discretization of equations, a second-order interpolation is
applied to the energy and momentum equations, as the mesh of the geometric model
is smooth. The results are more accurate when using the second-order approximation
compared to a rough mesh, where the second-order approximation may yield less accurate
results, making a first-order approximation preferable (Ansys Fluent User Guide). For pres-
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sure interpolation, the Body Force Weighted scheme is recommended for free convection
modeling (Ansys Fluent User Guide) [31].

The results of the solution are typically displayed either as colored images describing
the flow structure or as graphical curves that are analyzed to provide an approximate
picture of the system’s behavior. The final step involves verifying the validity of the
solution by comparing these results with experimental data or with the findings of previous
researchers. This is performed through logical approximations related to the numerical
solution, such as monitoring the general convergence criterion and observing the value of
a specific point or surface.

2.3.3. Radiative Heat Transfer Handling

Radiation exchange between diffuse gray surfaces within an enclosure may be ac-
counted for using the surface-to-surface (S2S) radiation model. The energy exchange
between two surfaces depends in part on their separation distance, size, and orientation. A
geometric function known as a “view factor” is responsible for these features.

The S2S radiation model assumes that all surfaces are diffuse and gray. Thus, if a
certain amount of radiation is incident on a surface according to the gray-body model, then
a fraction is absorbed, a fraction is reflected, and a fraction is transmitted. The surfaces in
question are opaque to thermal radiation (in the infrared spectrum) for most applications;
therefore, the surfaces can be considered opaque.

The net rate of heat transfer by radiation between two surfaces i and j forming a closed
space can be calculated using the following equation:

o(T* - T o(T* - T
Q= E (12
Y R; + RZ] + R] 1—¢; 1 1—¢;
AI'S,' AiPi Aje;

j i

where L A & and / are the radiation resistance of the surfaces; yiam F is the space resistance

to radlatlon eis the radiation emissivity; and o is the Stefan—Boltzmann constant, which is
equal to 5.67 - 1078 WK
The view factor can be calculated using the following equation:

A 1 cosb;cosb;
L _o=AnA L 7]
Fj=Faon=——"=4 ﬂ o dAidA;, (13)

Qu, AjAj

where i, j denote the surface number; dA; and dA]- the cross-sectional area of the radiating
and receiving surfaces, respectively; r is the distance between the surfaces dA;, dA;; and
0;, 0; are the angles between the normal of the two surfaces and the line connecting the
surfaces, respectively.
In Ansys Fluent, when using the S2S radiation model, g in the energy equation can be
replaced as follows:
o(rt - 1)

O'(Ti4—Tj4)
q ~ Qud = Ql] Ri+Rij+Rj o l 1—¢; 1-

S1

(14)

8

+AF +As

2.3.4. The Equations Used for Economic Calculations Study

In the calculations, the following equations are used:

0 _gxtime g x3months x 30days x 24 hours
amwal =000 1000 '
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where Qnual is the annual (winter) heat energy loss in [kWh/m?], g is heat loss in [W/m?].
LCPE = Quunua % System lifetime x cost of energy.

where LCPE is life-cycle price of energy in [USD], System lifetime [20 years], and the cost
of energy is 0.12 [USD/kWHh].

LCC = Total initial cost + Life cycle price of energy.

where LCC is total life-cycle cost in [USD], total initial cost (initial investment) is the cost of
all used materials.

We use this number LCC as the basis indicator for optimization since the final goal is
to provide affordable housing with a comfortable temperature inside.

The simulation will be started by Fluent Flow. First, the geometry will be created by
Design Modeler, and the next step will be meshing in the next section.

2.4. Mesh Construction

In this research, the studied domain is meshed using the Ansys meshing application
program. Undoubtedly, adding more computational cells can yield a more accurate result,
but we must remember that this will come at a higher computational expense [32]. The
results remain consistent beyond a certain number of cells, indicating that mesh indepen-
dence has been achieved. To verify the independence of the results on the mesh density,
ten meshes with an increasing total number of elements for wall C with one plastic layer
are used. We calculate the heat loss based on the number of elements. Figure 2 illustrates
that the heat loss does not change when the number of elements is increased beyond 63,000.
Accordingly, we fixed an element size of 0.0008 m, such that the cells were square cuboids,
and the total number of elements was 63,000.

254 L

253

25.2

25.1

25

249

24.8

24.7

Heat loss [W/m?]

24.6

24.5

244 ¢ ¢

243

0 1 2 3 4 5 6 7 8 9 10 11
Total number of elements % 10,000

Figure 2. The mesh independence, where heat loss is taken as a function of the total number
of elements.
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3. Verification

Although analytical solutions provide valuable insights, they are sometimes limited
to simplified cases, whereas simulation has several advantages, where it can deal with
complex geometries and multi-layered structures that may be difficult to solve analytically,
provides a detailed analysis of the temperature distribution across different layers, and
allows convection and radiation to be incorporated in a more flexible manner. To make the
numerical validation we have performed a comprehensive numerical verification of both
convection and radiation conditions, in addition to conduction.

3.1. Verification in a Simple Case

Heat transfer by conduction verification proceeds by analyzing the heat flux rate
across a wall consisting of three layers: wood, steel, and insulation with thicknesses 0.01 m,
0.006 m, and 0.02 m respectively with the material properties given in Table 1. Assuming
indoor and outdoor temperatures of 22 °C and —8 °C, respectively.

e  Analytical solution

The thermal transmittance, denoted as U, plays a crucial role in heat transfer analysis.
It is based on Fourier’s law of heat conduction and is defined by the following expression:

g=UAT (15)

where the variables are designed as follows:

Heat Flux Density (q): This represents the local heat transfer rate per unit area (mea-
sured in W/m?) [33].

Temperature Difference (AT): It reflects the temperature gradient across the system

(measured in kelvin, K).
1

u:
Li/ki+ Ly/ky+ L3/ks

(16)

Material Properties:

Thickness (L): The thickness of the material (measured in meters, m).

Thermal Conductivity (k): The material’s ability to conduct heat (measured in W/m:K).
The overall heat transfer coefficient is then calculated as follows:

U =1/(0.01/0.12 + 0.006/60.5 + 0.02 /0.038) = 1.640021 W/m?K
The heat flux can be then calculated simply as follows:
g = 1.640021 [W/m2K] x (295 — 265) [K] = 49.20063 W /m?>

e  Simulation solution

To validate the accuracy and reliability of our computational results, we perform a
comparison with the previous analytical calculation. By assessing the agreement between
the two approaches, we ensure the robustness of our numerical solution. Finally, we
obtained q = 49.2006 W/m? using Ansys Fluent, which is the same as the result of the
analytical calculation, q = 49.20063 W/m?. Figure 3 shows the contour of the temperature
and the average heat flux across the wall.

3.2. Verification of Convection and Radiation

Heat transfer by convection and radiation validation proceeds by investigating a
two-dimensional (2D) cavity consisting of two layers of metal separated by an air gap.
To facilitate the comparison with the reference study [34,35] containing non-dimensional
results, two Rayleigh numbers based on two characteristic dimensions of 0.021 m and
0.097 m are studied as shown in Figure 4 and Tables 2 and 3. The properties of the air at the
average temperature Trmean = 293.5 K are constant, as shown in Table 4, while the density
varies according to the Boussinesq model.



Buildings 2024, 14, 3944

10 of 26

Function Calculator
Function areaAve >
Location wall inside il .
Case Verification_wood_steel_insulation v
Variable Wall Heat Flux vl -
Direction None v X v
Fluid All Fluids v

Results

Area Average of Wall Heat Flux on wall inside

49.2006 [W m~-2]
(B)
Te-04 AﬂSYS
16-05 L
Te-06; STUDENT
1e-07:
Te-08:
1e-09
1e-10:
Te-1t
Te-12;
Te-13;
Te-14:
Te-15:
! 0 3 8 0 3 % 8 20 23 2%
Iterations
—energy
©

o

0.035

(A)

0.070 (m)

¥

..

Figure 3. (A) The contour of the temperatures, (B) the average heat flux across the wall, and (C) the
residual solution of the energy which is very small.

Adiabatic wall
u=0, v=0

aT
u=0, v=0

Adiabatic wall

J%
.

x .L

~

- S
Il

Il
[— =]

Figure 4. The studied 2D configuration with its boundary conditions.

Table 2. Rayleigh numbers depending on the characteristic length L.

Ra L (m) H (m) AR =HJ/L
104 0.021 0.021
106 0.097 0.097




Buildings 2024, 14, 3944 11 of 26
Table 3. Boundary conditions of the examined cavities.
Wall P i
The Walls all Properties
Boundary Conditions Emissivity &
Cold T.=2885K
Hot T, =298.5K Noslip, u=0,v=0 0 04 0.8 1
Adiabatic oT/dy =0
Table 4. The physical properties of the air at average temperature Tmean = 293.5 K.
Name Symbol Value Unit
Density o 1.232 kg/m3
Thermal conductivity coefficient k 0.0249 W/ (m:-K)
Kinematic viscosity v 143 x 107° m?/s
Dynamic viscosity U 1.761 x 10~° kg/(ms)
Specific heat c 1008 J/ (kg K)
Thermal diffusivity o 2 x 1075 m?/s
Thermal expansion coefficient B 0.0034 K~!
Prandtl number Pr 0.71

Dimensionless results are presented so that they can be compared with the dimen-
sionless results documented in the literature [34,35], as shown in Figure 5 that provide
radiation and convection modeling results for four values of radiation emissivity . As can
be seen from Table 5, the study’s results indicate a strong agreement between the computed
Nusselt numbers Nu and the literature data. These allow us to conclude that this numerical

approach can be considered valid.

.l ’ /
——Ra=10"6 Present study /
14

. //
:6'_ /
S
S 10

20 I
== Ra=10"4 References

18 e +A**Ra=10"4 Present simulation

Ra=10"6 References

4 M»—»‘M

0 0.2 0.4 0.6 0.8 1
&

Figure 5. Comparison of the total Nusselt numbers according to the emissivity for the Rayleigh
numbers 10* and 10° with the references [34,35].
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Table 5. Comparison between the present simulation and the results in references [34,35] at Nu;;.

Nuyot
e Ra =10* Ra =10°

Ansys Relative Ansys Relative
Simulation Reference Error (%) Simulation Reference Error (%)

0 2277 2.25 1.19 4.59 4.56 0.843

0.4 3.37 3.30 2.013 9.32 9.207 1.288

0.8 4.68 4.59 1.93 15.54 15.25 1.935

1 5.40 5.37 0.545 19.37 18.99 2.025

4. First Round of Simulation and Optimization
4.1. Ansys Workbench

In the first phase of the research, we simulate the heat loss through the wall by
Ansys for three types of gases, namely argon, air, and CO, with up to 20 layers and three
thicknesses for the gas layer (5, 7.5, and 10 mm, which are represented at the top, middle,
and bottom of the symbol). The results, which are presented in Figure 6 indicate that argon
gas outperformed the other gases in all cases. The difference between argon and air is
large, thus we exclude air from further investigations. Although argon is just slightly better
than CO,, it is cheaper as well, where the total cost of each wall model was calculated by
determining the volume of each material used and its price per cubic meter from Table 1,
thus the remaining part of the study will focus solely on argon gas.

Ar, air, CO, with diffrent thickness
N Ar ® air = CO,

35
30
25
20

1

q [W/m?]

10

(5]

Layers

Figure 6. The experiment evaluates heat transfer on a uniform wall using three different types of
gases and three different gas layer widths under identical conditions.

Ansys Workbench also enables designers to efficiently optimize performance and cost
parameters using statistical techniques such as Design of Experiments (DOE). Additionally,
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Ansys Workbench has a module for fluent flow and thermal analysis, which enables the
execution of steady-state thermal simulations [36].

Based on the experimental design that the Minitab program recommended, we used
Ansys to carry out 39 experiments, with 13 runs for each of the three argon layer thicknesses.
In each run, we incrementally increased the number of argon layers by 2, ultimately
reaching 26 layers. This approach allowed us to investigate the effects of multiple variables,
including total wall thickness and the number of argon layers. The wood and steel layers
in the inner part of all models, as well as the outer steel layer and insulator, were kept
constant. The number of argon layers was varied, with the plastic layer having a constant
thickness of 2 mm. The argon layers had three thicknesses (5, 7.5, and 10 mm), and the
total wall thickness increased as the number of argon layers increased. The output data
obtained by Ansys are used in Minitab, which is described in the next section.

4.2. Minitab

Minitab is a statistical program that provides a set of techniques for statistical analysis,
including response surface methodology (RSM). The Design of Experiments (DOE) interface
in Minitab allows users to create response surface designs, evaluate experimental results,
and determine the most appropriate factor configurations. RSM is a set of advanced DOE
methods that help understand and improve the response variable [37]. Response Surface
Methodology (RSM) was employed to optimize the response of our system. RSM is a
collection of statistical and mathematical techniques useful for developing, improving,
and optimizing processes. The analysis was conducted using Minitab software, which
facilitated the design and analysis of the experiments. A central composite response surface
experiment was designed to examine the factors affecting our response variable. The factors
included the number of plastic layers, the thickness of plastic layers, and the type of gas.
The design allowed us to model the curvature in the data and identify the optimal settings
for these factors. Data were collected in Ansys Fluent for the experimental design and
input into Minitab. The software was used to perform the following steps:

Creating the Response Surface Design: We selected the range of factors.
Running the Experiments: The experiments were conducted, and the response values
were recorded.

e Analyzing the Response Surface Design: We analyzed the design by selecting the
terms, options, graphs, and storage in Minitab. This included generating coded
coefficients, model summaries, ANOVA tables, regression equations, Pareto charts,
and residual plots. It was found that argon gas was the best according to cost and heat
loss compared to CO; and air; therefore, the study continued using argon. Table 6
shows the errors for the heat loss and cost in the equations. Figure 7 present Surface
plot of heat loss and cost.

Table 6. Model summary R2.

S (Standard Error) R-sq
q[W/m?] 0.000938360 90.78%
Cost [$] 0.0000001 100.00%

While we need only the equations for the data to use it in optimization tool.
Q = 8.222 — 0.0702 N — 0.0095 T -+ 0.00290 N? + 0.000078 T? (17)

Cost = 74.6294 + 3.18599 N (18)

where g: heat loss [W/ m?], N: number of plastic layers, and T: thickness of plastic layers [m].

Based on our analysis, the cost of plastic is primarily influenced by the number of
plastic layers [$/m?]. The program assumes a linear relationship between the number
of plastic sheets and the overall cost, as the thickness has a minimal impact on the price.



Buildings 2024, 14, 3944

14 of 26

R

q[W/m*2]
1 *

0 |

Using RSM in Minitab allowed us to efficiently explore the relationships between multiple
factors and the response variable. The optimized settings identified through this analysis
can be used to improve multi-layer walls. This methodology proves to be a powerful tool
for process optimization and can be applied to various fields of study.

Number of Layers [N] i Number of Layers [N]

(A) (B)
Figure 7. Surface plots of heat loss (A) and cost (B) with the number of layers and thickness of
argon gas.
4.3. Isight

Isight 2019 version 6.3 is a software framework that offers a collection of tools for
integrating processes and optimizing designs. It is used to streamline the laborious and
repetitive process of analytical design by incorporating design and simulation models
generated by several CAD, CAE, and other software tools. Products are improved by
using statistical methodologies, such as DOE or Design for Six Sigma, to optimize them
in terms of performance or cost metrics using Isight [38]. This results in time savings
and improved product outcomes. It is advantageous for minimizing time and expenses,
enhancing product dependability, and attaining a competitive edge [39]. Most of the tools,
such as NLPQLP and HOOKE JEEVES, were tried, and the PSO tool was found to be
the best.

4.4. Particle Swarm Optimization (PSO)

An optimization model was developed using the Isight program, leveraging Particle
Swarm Optimization (PSO) algorithms. The equations from the previous section were
formulated to accurately represent the system’s parameters and constraints. By integrating
these equations into the Isight environment, PSO was utilized to efficiently explore the
solution space. Initially, the optimization technique values were set by default; see Table 7.
Subsequently, the variables are argon number layers and thickness of argon layer, and
the objective were defined as the heat loss and the cost of the wall, with the direction of
the optimization aiming to minimize both, with no constraints present in this problem.
This method allowed for the fine-tuning of model parameters, resulting in significant
improvements in performance and efficiency.

We developed a regression equation for the heat loss and cost of the models by utilizing
MRS and the data produced by the first round of Ansys simulation. Then we used this
regression equation as a function of heat loss and cost to calculate the optimum design
parameters [40] by using the optimization tool PSO in Isight program. The input parameters
used in PSO included the range of argon layer counts (0-50) and the range of thickness
of each individual argon layer (0-12 cm), while the output parameters included the heat
loss and the cost of the wall. There are no constraints imposed on the variables, except
that the lower bound for the objects is set to zero to prevent negative values. Thus, after
running 500 iterations to ensure the feasibility of a proposed design within its constraints,
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the objective function defines the optimization goal, such as cost minimization. The
optimization process is illustrated in the flow chart shown in Figure 8. Penalty functions
add costs for constraint violations, guiding the process towards feasible solutions see
Table 8. The optimal parameters are thickness of the argon layer, the number of layers, heat
loss through the wall and the cost of the wall are determined using the PSO method as
shown in Table 9.

Table 7. The optimization technique options.

Option Value
Maximum Iterations 50
Number of Particles 10

Inertia 0.9

Global Increment 0.9
Particle Increment 0.9
Maximum Velocity 0.1

Max Failed Runs 5

Failed Run Penalty Value 1.0 x 10%°
Failed Run Objective Value 1.0 x 103

Identify the design variables ( Number
and thickness of Argon layers)

A 4

Select the range values of the
design variables

v

Solve the equations for the Objective
functions, eq. (17) and eq. (18)

A 4

New design variables

Optimization algorithm under
Isight (PSO)

Optimum
values of
objectives

No

Minimum Q
Minimum Cost

Figure 8. The steps of the optimization process.

Table 8. The optimum design points according to the PSO optimization tool.

Gas Lavers Thickness of [W/m2] Cost per Cubic Design Objective Objective Penalty
y Gas [mm] 9 Meter [$] Feasibility = and Penalty Function Function
Argon 12 8 8.45 5 9 13.49505 13.49505 0
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Table 9. The results showing the optimum design parameters for argon gas according to PSO
optimization tool.

Gas Layers Thickness of Gas [mm]  Total Thickness of Wall [mm] q [W/m?] Cost per Cubic Meter [$]
Argon 12 8 154 8.45 5

So based on the first round of Ansys simulation and a regression equation, PSO gave
that the economic optimum of the number of the plastic layers is 11. We decided not to stop
here but to perform a second round of Ansys Fluent simulation with only one variable,
which is the number of plastic layers, and maintain the total wall thickness as a constant
parameter. The goal is to determine the optimal number of argon layers from a thermal
as well as economical point of view. Although Ansys is slower, it is more accurate than
optimization based on regression equations; thus, the result reinforced by the second round
will be more reliable.

5. Second Round of Simulation and Optimization

We perform a steady-state thermal analysis in Ansys, where the wood layer and steel
layer in the inner part of all models were kept constant, as well as the outer steel layer and
insulator, considering that the wall width is fixed and equal to 15.4 cm. The number of
plastic layers varied, and hence the number of gas layers, since the number of gas layers is
equal to the number of plastic layers plus one. The study involved a maximum of 31 layers
(32 argon layers) with a fixed thickness of plastic of 2 mm. The thickness of the individual
gas layers decreases from 0.118 to 0.00175 m with an increasing number of plastic layers.
It has two reasons: the total space for gas is decreasing, and this is cut by more and more
pieces with an increasing number of plastic layers. The boundary condition used on the
inner and outer surfaces is based on the coldest day in Miskolc City (Hungary) during the
past winter [41]. The convection heat transfer coefficient for the outside surface hc,s as a
function of air velocity v [m/s] is calculated from the equation below [42], and the used
values for the boundary are presented in Table 10.

heos = 0.6 + 6.641/0 (19)

Table 10. The convection, radiation, and temperature characteristics on both sides of the wall
components [42,43].

] : G
Outer surface 15 0.9 265K~ —8°C
Inner surface 8.5 0.9 295K ~ 22 °C

The results are calculated for the multi-layer outside walls, first with only one thickness
of insulation, which is given in Section 3. We calculate the results first without and then
with reflective layers made of aluminum with an emissivity 0.05. We compare these with
the three types of standard walls. After that, we increase the insulation thicknesses for the
further optimization of the multi-layer wall and calculate the new results.

5.1. The Reference Walls

We made simulations for three types of standard walls, shown in Figure 1A,B. We
calculate the heat loss through them, and after that, as will be presented in the next section,
we compare them with the new multi-layer walls. Figure 9 shows the temperature contour
for two types of reference walls. One can see that the concrete wall with insulation has
a sharp temperature gradient; therefore, it provides better thermal resistance than the
brick wall. This means that the insulated concrete wall is more effective in minimizing
heat transfer.



Buildings 2024, 14, 3944

17 of 26

(@) ' (b) !

L.

0 0.100 (m) (] 0100 (m)
0050 0050

Figure 9. The temperature distribution contours in kelvin for two types of normal walls: (a) a brick
wall and (b) a concrete wall with insulation.

5.2. Multi-Layer Wall Without Reflective Layers

Figure 10 illustrates the relationship between the heat loss and the number of plastic
layers. One can see that when the number of plastic layers increases, the heat loss decreases
until there are 21 layers of plastic. The reason for this is that increasing the number of
plastic layers decreases the radiation heat transfer in addition to decreasing the convection
between the layers because the spaces will be smaller and smaller, which does not allow the
fluid to move inside the spaces [44]. However, after 21 layers, the heat loss starts to increase
again due to the plastic layers being more effective thermal conductors than argon layers.
Therefore, there is an optimum number of layers, which is 21 layers of plastic. Furthermore,
we plot the heat loss for two insulated reference walls as straight lines. One can see the
multi-layer wall achieves a lower heat loss than both reference walls when it has more than
about 10 plastic layers. In the case of a normal brick wall without insulation the heat loss is
176.7 [kWh/m?], thus it cannot be put into the same figure.

We now consider the economic side [45] of the optimization. One can save a great deal
of money because a larger number of plastic layers decreases the radiation heat transfer.
However, one must invest more because more layers mean a higher cost of investment, as
plastic is more expensive than argon. As the number of plastic layers starts to increase, the
total cost substantially decreases. However, this decrease slows down and then turns into
an increase primarily due to the heightened investment in plastic layers. Consequently, the
economic optimum is different from the thermal optimum. We obtained that the number
of plastic layers for optimal performance is 11 (instead of 22), as shown in Figure 11.
Table 11 shows the economic calculations for the multi-layer wall. The heating loss still
decreases noticeably, but the total savings decrease because the cost increases linearly with
the number of layers. If we increase the number of layers, the life-cycle savings on heating
rapidly increase at first but then go down after 11 plastic layers.

One can see from Table 11 based on the second round of Ansys simulation that there is
good agreement in the case of economic optimal design parameters of the number of argon
layers with the previous calculation of PSO.

A comparison between the multi-layer walls can be made by plotting the temperature
as a function of the position for different numbers of plastic layers, as shown in Figure 12.
One can notice that if the number of layers is larger, the temperature gradient and therefore
the heat flux in the wood (left side) and EPS (right side) layers are smaller. Figure 13 shows
the temperature distribution contour in kelvin for two types of multi-layer walls, namely,
without a plastic layer and with one plastic layer, compared to the thermal and economic
optimum cases.



Buildings 2024, 14, 3944 18 of 26

62 —&— Multilayer (Plastic—Argon) wall

59 ——Normal Concrete wall with EPS insulation

56

Normal Concrete wall with glass-wool insulation

53

50

47

44

41

38

35

32

Heat loss [KWh/m?]

29

26

23

20

17

14

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Number of plastic Layers

Figure 10. The heat loss as a function of the number of plastic layers for multi-layer walls compared
to the insulated reference walls.
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Figure 11. Economical quantities as a function of the number of plastic layers. The optimum numbers
of plastic layers according to thermal and economic optimization are highlighted.
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Table 11. The key quantities as a function of the number of plastic layers. The rows containing the

optimum numbers of plastic layers are highlighted.

No. of Argon No. of Plastic Heat Loss Annual Heat L ife-Cycle Total Initial . Total
Layers Layers [W/m2] Energy Loss Price of Energy Cost [USD] Life-Cycle Cost
[kWh/m?] [USD] [USD]
1 0 28.63 61.80 148.41 44.54 192.94
2 1 24.42 52.75 126.60 46.14 172.74
4 3 15.60 33.68 80.83 49.34 130.17
8 7 10.25 22.14 53.12 55.74 108.85
10 9 9.11 19.68 47.236 58.93 106.17
11 10 8.77 18.94 45.45 60.54 105.99
12 11 8.45 18.25 43.80 62.14 105.94
13 12 8.20 17.71 42.52 63.74 106.26
15 14 7.82 16.90 40.57 66.94 107.5
16 15 7.70 16.64 39.93 68.54 108.47
18 17 7.52 16.24 38.97 71.74 110.71
20 19 7.39 15.96 38.31 74.94 113.24
21 20 7.367 1591 38.19 76.54 114.73
22 21 7.350 15.87 38.10 78.14 116.24
23 22 7.352 15.88 38.11 79.74 117.85
24 23 7.356 15.89 38.137 81.34 119.47
25 24 7.388 15.96 38.30 82.94 121.24
26 25 741 16.02 38.44 84.54 122.98
28 27 7.51 16.23 38.96 87.74 126.69
32 31 7.85 16.96 40.70 94.14 134.84
296
—e—( plastic 1 argon
294
—=— ] plastic 2 argon
292 11 plastic 12 argon
290 —— 21 plastic 22 argon
288
286
z 284
g 22
-
= 280
S
g 278
[
276
274
272
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268
266

264

0
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0.02 0.03 0.04 0.05 006 007 008 009 0.1 0.11 0.12 0.13 0.14 0.15 0.16
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Figure 12. The temperatures in [K] as a function of the x coordinate for four types of multi-layer

walls, including the two optimum cases.
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Figure 13. The temperature distribution contours in kelvin for two types of multi-layer walls, namely,
(a) without a plastic layer and (b) with one plastic layer, compared to the (c) thermal and (d) economic
optimum cases.

5.3. Multi-Layer Wall with Reflective Layers

Now, we add aluminum foil to the plastic layers in addition to the inner surfaces of
the steel layers to reflect the radiation, and in this case, we increase the price by adding
the aluminum to the plastic. We note that the heat loss decreases because most of the
radiation which goes across the argon layer is reflected due to the reflective layer. One
can see from Figure 14 that after adding the foil aluminum layer, the optimum number
of plastic layers is decreased to only one layer. The only negative effect of adding a layer
of aluminum is that plastic with aluminum is harder to recycle. Figure 15 shows the
temperature distribution contour in kelvin for the one plastic layer with a reflective layer
compared to the one without a reflective layer. One can see that when the reflective layer
is present, the middle layer is cooler, since radiative heat transfer is hindered. Moreover,
the temperature gradients are smaller in this case in the wood and insulator layers. The
comparison between the temperature distribution in the three multi-layer optimum walls
compared to two types of reference walls is shown in Figure 16. One can see that the
temperature in the normal brick wall has a significant decrease across the wall thickness
due to the lack of insulation. However, in the normal concrete wall with EPS insulation, the
temperature stays nearly constant at around 294 K, and after that, a sudden drop is caused
by the presence of EPS insulation, significantly slowing down heat loss. In all multi-layer
walls, we can see a slow but steady temperature drop, showing good insulation properties
with a nearly steady gradient.

Table 12 shows the values of the key quantities for the optimum multi-layer walls
compared to the reference walls.

We then make calculations with greater thicknesses of EPS insulation layer to approach
the optimal multi-layer wall with and without a reflective layer. The reason for this, as
we see from Table 12, is that the heat loss is further reduced by increasing the thickness
of the insulator to the extent that the total life-cycle cost can be further decreased despite
the increased cost resulting from increasing the thickness of the insulation. One can see
that our wall is still cheaper and, at the same time, thermally better than the standard walls.
Figure 17 shows the temperature distribution contours for the optimum cases.
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Figure 14. The optimum number of plastic layers in the case of a wall with reflective layers.
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Figure 15. The temperature distribution contours in kelvin for two types of multi-layer walls: (a) one
plastic layer without a reflective layer and (b) one plastic layer with a reflective layer.
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Figure 16. The temperatures in [K] as a function of the x coordinate for the three optimum walls
compared to two types of reference walls.

Table 12. The final comparison between the optimum walls and the reference walls.

Annual Life- Total Total
Insulation No. of Heat Heat Cycle In(i)tia 1 Life-
List of Walls Materials Thickness Plastic Wall Type Loss Energy Price of a Cycle
2 Cost
[m] Layers [W/m?] Loss Energy [USD] Cost
[kwh/m?]  [USD] [USD]
0.02 E call 8.45 18.25 43.8 62.14 105.94
. 0.03 11 C%‘;ﬁ‘;ﬁ y 7.9 17.07 40.98 63.10 104.08
Multi-layer 0.04 742 16.04 38.49 64.08 102.57
without
reflective layers | Wood, Steel, 0.02 Thermally 7.35 15.87 38.1 78.14 116.24
Argon, Plastic 0.03 21 optimal 6.93 14.97 35.93 79.10 115.04
EPS 0.04 6.56 14.17 34.02 80.08 114.10
with reflective 0.03 1 economically 7.96 17.2 41.28 47.30 88.59
layer 0.04 optimal 7.46 16.12 38.7 48.28 86.98
Normal wall .
without Plaster, Brick, 81.8 176.7 424.08 17 441.08
. . Cement
insulation
Plaster,
Concrete, EPS, 0.125 Reference walls 8.88 19.19 46.07 77.25 123.33
Normal wall Cement
with insulation
Plaster,
Concrete, Glass 0.125 9.11 19.69 47.26 74.75 122
Wool, Cement

We note that in the price of the initial investment, we included the price of the materials,
but not the price of construction, because it strongly depends on the technology and the
price of labor. We think that if the container house is manufactured in series in a factory,
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the manufacturing cost can be smaller than for standard walls, especially brick walls built
manually by bricklayers.

(a) c 2400 (m) I;y (b) c 2400 (m) I;y

0050

0 0100 {m) 0 0 0.100 (m) 0
(C) — I_.x (d) — I_.x

Figure 17. The temperature distribution contours in kelvin for the two types of thermally optimal
multi-layer walls with different thickness of EPS insulation: (a,b) 0.03 m and (c,d) 0.04 m.

6. Conclusions

This research proposed a novel sandwich-structured wall for container houses con-

taining argon gas and plastic layers to minimize heat loss during cold winters. Steel walls
have good earthquake and fire resistance, and the double steel layers prevent leakage of the
argon. We attempted to optimize the configuration and overall cost of wall construction,
drawing comparisons to the performance of conventional walls associated with brick,
concrete, and insulation. Additionally, the study investigates the phenomena related to the
number of plastic layers in the gas-filled wall.

We found that as the number of plastic layers increases, heat loss decreases due to
reduced radiative heat transfer and limited convective movement of argon within
the increasingly smaller spaces between layers. This trend continues until the wall
comprises 21 layers of plastic. Beyond this point, heat loss begins to increase again as
the conduction through the plastic layers becomes more significant than the insulating
effect of the argon layers. In the case of 21 plastic layers, the initial investment is
slightly larger than in the case of the standard walls. However, the heating load is
much smaller, and this easily counterbalances the initial cost in 20 years.

From the point of view of economic optimization, the finding is the following: while
increasing the number of plastic layers can lead to substantial savings due to decreased
radiation heat transfer, hence decreasing the heat loss, it also necessitates greater
investment due to the high cost of plastic. Consequently, the total gain diminishes for
walls with many layers. Furthermore, as the number of layers increases, conduction
also increases, offsetting the decrease in radiative heat transfer. Therefore, the optimal
number of plastic layers from an economic point of view is 11, which is fewer than if
only thermal optimization is performed. Above this, the heat loss still decreases, but
the life-cycle cost of housing starts to increase. Moreover, if a high-reflectivity layer
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covers the plastic layer, only one layer is enough to decrease heat loss to the level
of eleven plastic layers without this reflective layer. Hence, one layer with reflective
coating minimizes the heat loss as well as the cost of housing. These two economic
optimums—eleven plastic layers without and one plastic layer with reflective coating—
perform better than the standard walls in initial investment, heating load, and total
cost of housing as well. We found for an insulation thickness of 2 cm, the maximum
total life-cycle savings are 335.14 and 350.52 USD, respectively, while the minimum
savings are 16.06 and 31.44 USD, respectively, for multi-layer walls without and
with reflective layers compared to conventional walls. The maximum amount of
decrease in annual energy loss is 160.73 [kwh/m?], while the minimum amount is
3.32 [kwh/m?], for the multi-layer thermally optimal wall without reflective layers
compared to conventional walls.

e  These findings provide valuable insights for the design of energy-efficient and cost-
effective multi-layered walls.

e  The importance of this research lies in producing new multi-layer walls for container
houses capable of resisting earthquakes, significantly reducing heat loss through such
walls, and, at the same time, reducing the overall cost compared to conventional brick
or concrete walls.

After the completion of this paper, we plan to perform long-term transient calculations
using real weather data, and based on these, optimization for different climates will be
carried out.
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