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It of great importance in assessing built thermal environment level and evaluating
corresponding indoor air conditioning demand for energy conservation in
construction sectors. Nevertheless, because of the unique meteorological
features in plateau area, classical building performance simulation approach
contributes to thermal performance evaluation errors since most design
codes or standards relies on low attitude regions. In this paper, a modified
and improved dynamic thermal design model is put forward for built
environment and energy consumption estimation for passive buildings for
plateau buildings. Moreover, the simplified experiment is set up to monitor
dynamic thermal responses for modelling building. The testing validation
illustrate that the onsite measurement accuracy level is quite acceptable for
engineering applications with less than 30% relative change range coefficient.
Besides, the experiment data demonstrates that window-to-wall ratios,
architectural orientation, thermal insulation coefficients, have substantial
impacts for solar heat gains in plateau buildings. The study renders building
design guidance for energy conservation in high altitude plateau areas.
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1 Introduction

As global climate change has been drawing increasing concern, building and
construction industry are caching growing attentions, since they accounts for dominant
energy usage (Cao et al., 2023) and greenhouse gas emissions (Christopher et al., 2023),
leading to accelerating global warming (Tirelli and Besana, 2023). In China, buildings are
responsible for over 30% primary energy consumptions. And therein Moreover, about 60%
can be attributed to building service systems, such space cooling and heating (Zhang and
Luo, 2023).

With the rapid economic and technological development, regions like western Sichuan
and the Qinghai-Tibet Plateau have attracted widespread attention due to their abundant
solar energy resources (Zhang et al., 2020). Additionally, owing to the significant heating
demand throughout the year, researchers have designed and studied various heating
systems considering solar energy. For instance (Qiang et al., 2023), investigated solar-
assisted heat pump systems, while (Li et al., 2023) utilized K-means algorithm combined
with air-source heat pump to analyze the active heating behavior characteristics of residents
living in high-altitude areas, suggesting a potential correlation between these behaviors and
the improvement of energy efficiency (Chen et al., 2022). proposed eight potential solar
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energy system schemes for reducing building energy consumption in
the Qinghai-Tibet Plateau, establishing optimization models for the
lifecycle costs of each solar energy system. They analyzed the short-
term dynamic operation performance, energy conservation,
economics, and carbon emission reduction of the systems,
presenting a comprehensive solar energy integration system with
the best performance. Furthermore (Liu et al., 2022), researched the
optimal capacity ratio of solar heating systems for office buildings in
the Qinghai-Tibet Plateau and developed a SHS capacity matching
optimization model with a minimum lifecycle cost as the objective
function and multi-source complementary heating system (Liu Y.
et al., 2021) are designed and investigated in those areas. However,
solar energy exhibits characteristics such as uneven spatial-temporal
distribution, strong intermittency, low efficiency, and high cost.
Accurate prediction of dynamic thermal loads is crucial for the
application of these systems.

Few studies focused During recent decades, more than
100 building energy simulation software programs (BLAST,
DOE-2, EnergyPlus, TRNSYS, DeST, ESP-r) or self-programming
based on energy conservation have been primarily utilized
worldwide (Ren et al., 2023). These software solutions encompass
a range of functionalities, including building dynamic load
simulation and HVAC equipment system simulation. Notably,
the heart of these software tools lies in the simulation of cooling
and heating loads. Additionally, system simulation is a crucial
component, focusing on replicating the control processes of air
conditioning and heating system components. This simulation stage
plays a pivotal role in bridging the gap between dynamic load
simulation and energy consumption prediction. In recent years,
scholars and engineering technicians have already utilized software
to conduct scientific research, as well as to assist in the design and
optimization of complex air conditioning and heating projects. In
recent years, EnergyPlus, as the most widely used software globally,
has been extensively employed (Liu S. M. et al., 2021). utilized
EnergyPlus software to simulate the performance of different
ventilation modes in residential buildings and the energy
consumption of ventilation in typical apartments, proposing
appropriate residential ventilation modes, particle filtration, and
heat recovery usage strategies (Khan et al., 2022). employed
EnergyPlus software to simulate the enhancement of energy
performance in Pakistani residential buildings using PCM
materials (Ng et al., 2021). utilized EnergyPlus software to
simulate the impact of building infiltration on building energy
consumption in commercial buildings, emphasizing the need to
fully consider infiltration effects on HVAC energy use in building
modeling (Emil and Diab, 2021). analyzed the potential for zero-
energy renovation of educational buildings in Egypt using
EnergyPlus software (Qi and Wang, 2023). investigated the
optimization potential of building surface reflectance using
EnergyPlus software (Al-janabi et al., 2019). compared the
capabilities of EnergyPlus and IES for discussing the differences
in design processes and results of different energy modeling
software. While a large body of research has to some extent
confirmed its effectiveness, most of these studies and applications
are situated in plains or low-altitude areas, making them unsuitable
for high-altitude regions. Furthermore, in indoor thermal
environment research, scholars currently primarily employ field
measurements (Huang and Kang, 2021) to study the impact of

solar radiation on indoor thermal comfort and the occupants’
response to solar radiation in the indoor environment. Survey-
based studies (Thapa, 2020) propose new comfort zones for
regions with similar cold climates based on the results of field
surveys on thermal comfort. Numerical simulations (Wang et al.,
2023) using the jet flowmodel propose a coupled oxygen-thermal jet
flow equation for creating a good indoor thermal environment and
addressing low oxygen pressure in high-altitude regions.
Additionally, studies employing computer modeling methods
(Alwetaishi et al., 2020) investigated the influence of heat
quantity and direction on the thermal performance levels of
Shubra and Boqri palaces (Liu et al., 2019). studied the impact of
window-to-wall ratio and daylighting depth on the thermal comfort
of passive solar houses through computer modeling. Traditional
thermal modeling methods are primarily based on more common
and lower-altitude regions, overlooking the unique climatic
characteristics of high-altitude areas. High-altitude regions often
exhibit characteristics such as low atmospheric pressure, large
diurnal temperature variations, low sky background temperature,
and intense solar radiation. The low atmospheric pressure affects
airflow velocity, thereby influencing the indoor thermal
environment of buildings. Temperature variations impact the
thermal insulation of buildings, while solar radiation affects the
source of indoor temperatures, resulting in indoor thermal
environments distinct from those in plains areas. The application
of traditional thermal modeling methods may lead to differences or
errors in building load prediction and energy efficiency assessment.

Most of the studies mentioned above are conducted in non-
high-altitude areas, and there is currently limited research on
continuous prediction models for indoor thermal environments
in high-altitude mountainous regions. The primary objective of
this research is to devise a methodology capable of predicting
indoor thermal environment and heat consumption in passive
buildings situated within alpine high-altitude regions. To fulfill
this aim, a comprehensive approach was adopted. The initial step
involved the creation of a mathematical model for a prototypical
building, anchored in the principles of energy conservation.
Subsequently, actual model buildings were erected, facilitating
on-site data collection in a representative locale. These
measurements encompassed variations in indoor air temperature

FIGURE 1
Schematic diagram of building thermal processes
through envelopes.
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under diverse scenarios, including natural conditions and heating
scenarios, considering factors such as window-to-wall ratios
(WWR), architectural orientations, and heat transfer coefficients.
Ultimately, the integrity of the mathematical model was ascertained
through rigorous validation utilizing the acquired empirical data.

2 Methodology and modelling

2.1 Indoor thermal environment

For modelling simplification, a typical case room is chosen with
certain envelope structures (Figure 1). It’s worth noting that even
when there’s no solar radiation, thermal conductivity stemming
from temperature differences within the non-transparent enclosure
remains a factor. Applying the principle of energy conservation, the
lumped parameter method was adopted to analyze the heat transfer
of the room. Some basic considerations and assumptions are
as follows.

(1) Uniform distribution for solar radiation on external
building surfaces.

(2) Regardless of air leakage between rooms and thermal contact
resistance between wall layers.

(3) Solar radiation is absorbed by both the floor and internal
surfaces (e.g., 70% by floor and other by internal surfaces
(Wen, 2019).

(4) Indoor air is well-mixed in quasi-steady-state within the
specified time step.

(5) The internal surfaces are diffuse and gray, possessing equal
absorptivity and emissivity.

(6) No indoor heat disturbances from occupants, lighting and
equipment etc.

Based on aforementioned assumptions, the heat balance
equation for indoor air can be expressed by Eq. 1.

ρairCairVroom
dTair,inside τ( )

dτ
� _Qbody + _Qglass + _Qsolar + _Qair + _Qsupply + _Qindoor

(1)

Where: ρair is the air density, kg/m
3; Cair is the specific heat capacity

of air, J/(kg·K); Vroom is the room volume, m3; Tair,inside(τ) is the
indoor air temperature (IAT) at time τ, °C; _Qbody is the heat
exchange through non-transparent envelope, W; _Qglass is the heat
exchange through transparent building envelope, W; _Qsolar is the
solar radiation transmitted by transparent building envelope, W;
_Qair is the heat exchange caused by air leakage, W; _Qindoor is the heat
emitted by personnel, lighting, equipment, etc., W; without regard to
inner heat source, _Qindoor was 0; _Qsupply the heat provided by air
conditioning and heating equipment, W. The calculation formula of
_Qbody, _Qglass, _Qair can be expressed by (2) (3) (4). Where: hi is the
convective heat transfer coefficient between the inner surface i of the
non-transparent envelope and the indoor air, W/(m2·K); Ai is the
heat transfer area of the inner surface i of the non-transparent
envelope, m2; Twall,i(τ) is the wall temperature of the inner surface i
of the non-transparent envelope, °C. Nbodies is the number of the
non-transparent envelopes.

_Qbody �∑Nbodies

i�1 hinside,iAi Tsurface,inside,i τ( ) − Tair,inside τ( )[ ] (2)

Where: Kglass,j is the comprehensive heat transfer coefficient of the
transparent building envelope j, W/(m2·K); Aj is the heat transfer
area of the transparent building envelope j, m2; Tair,outside(τ) is
outdoor air temperature at time τ, °C; Nglasses is the number of the
transparent envelopes.

_Qglass �∑Nglasses

j�1 Kglass,jAj Tair,outside τ( ) − Tair,inside τ( )[ ] (3)

Where: minf is the ventilation volume between indoor and outdoor,
kg/s. The calculation formula is given by Eq. 5 (Zhang, 2006).

_Qair � minfCair Tair,outside τ( ) − Tair,inside τ( )[ ] (4)
minf � nkVroomρair

3600
(5)

2.2 Building envelope heat transfer

The non-transparent envelope essentially incorporated walls,
floors, doors. Due to thermal inertia, the heat transfer process could

FIGURE 2
Heat conduction and convections for building walls.

FIGURE 3
Boundary condition for external heat balance.
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be supposed to be one-dimensional unsteady heat transfer process
(Figure 2). Consequently, the heat transfer model was described by
the heat conduction Eq 6 which also illustrated the temperature
distribution inside the solid.

∂Twall x, t( )
∂τ

� λ

ρwallCwall

∂T2
wall x, t( )
∂x2

(6)

Where: Twall is wall temperature, °C; τ is heat transfer time, s; ρ is
wall density, kg/m3; cp is specific heat capacity, J/(kg·K); λ is
thermal conductivity, W/(m·K); x is the distance in the direction
of wall thickness, m. The thermal balance analysis of the non-
transparent envelope surfaces plays an important role on
building theoretical models. Assuming that the cp of the thin
layer on the surface is nearly 0, the heat balance diagram of the
outer surface i is shown in Figure 3, and the heat balance equation
is shown in Eq. 7. When without solar radiation, _qsolar,i and _qclear,i
were both 0.

_qsolar,i + _qclear,i + _qconvection,outside,i + _qwall,outside,i � 0 (7)

Where: _qsolar,i is absorbed solar radiation, W/m2; _qclear,i is the
total net radiation heat transfer between the surface i and the
ground, sky, and air, W/m2; _qconvection,outside,i is the convective
heat transfer between the surface i and air, W/m2; _qwall,outside,i is
the conductive heat transfer, W/m2. _qconvection,outside,i is
addressed by

_qconvection,outside,i � houtside,i Tair,outside τ( ) − Tsurface,outside,i τ( )[ ] (8)

Where: houtside,i is the convective heat transfer coefficient, W/(m2·K).
_qwall,outside,i plays an important role on unsteady heat transfer
calculations, it is expressed as

_qwall,outside,i � Knode,i,1 Tnode,i,1 τ( ) − Tsurface,outside,i τ( )[ ] (9)

Where: Tnode,i,1(τ) is the temperature of the first node, K; Knode,i,1 is
the heat-transfer coefficient of the first node, it is expressed as

Knode,i,1 � λnode,i,1
δnode,i,1

(10)

Where: λnode,i,1 is the thermal conductivity, W/(m·K); δnode,i,1 is the
thickness, m. Theoretically, the radiation heat transfer between
the internal surfaces is complicated. On the one hand, radiation
heat transfer occurs between any surface, including transmission
and reflection of projection; on the other hand, the apparent
thermal radiation is closely related to the surface properties.
However, the radiation heat transfer between internal surfaces is
usually negligible compared to the received solar radiation in
engineering calculations. Hence, the diagram of the thermal
balance of the interior surface is shown in (11), and the heat
balance equation is established as:

_qrad,1,i + _qrad,2,i + _qconvection,inside,i + _qwall,inside,i � 0 (11)

Where: _qrad,1,i is the radiation heat transfer between internal
surfaces, W/m2; According to assumption (7), it is negligible;
_qrad,2,i is the solar heat gain through window, W/m2;
_qconvection,inside,i is the convective heat transfer, W/m2; _qwall,inside,i is
the heat transfer of the first node adjacent to the internal surface, W/

m2. When without solar radiation, _qrad,1,i and _qrad,2,i are both 0.
Based on assumption (3), there are:

_qrad,2,i � 0.7 · ∑Nglasses

j�1 SHGCj · Itotal,j τ( ) · Aj

Aground
(12)

_qrad,2,i � 0.3 · ∑Nglasses

j�1 SHGCj · Itotal,j τ( ) · Aj∑Nbodies
i�1 Ai

(13)

_qconvection,inside,i � hinside,i Tsurface,inside,i τ( ) − Tair,inside τ( )[ ] (14)
_qwall,outside,i � Knode,i,n Tnode,i,n τ( ) − Tsurface,inside,i τ( )[ ] (15)

Where: SHGC is the solar heat gain coefficient of window j;
Aground is the ground area, m2; Ai is the area of surface i, m2;
hinside,i is the convective heat transfer coefficient between internal
surface and air, W/(m2·K); Tsurface,inside,i(τ) is the temperature at
time τ,°C; Tnode,i,n(τ) is the temperature of node n in surface i, °C;
Knode,i,n is the heat-transfer coefficient of the first node,
W/(m2·K).

2.3 Governing equations

Eq. 16 is a partial differential equation. Wide-used methods for
solving this equationmainly depends on finite difference approaches
(Ding et al., 2004; Long, 2005; He and Ding, 2011; Pan, 2013). The
core of theoretical calculation is to connect the ambient and indoor
temperatures via scientific methods. Accordingly, the energy
conservation of indoor air nodes cannot be ignored. In addition,
the operability of the model calculation should be considered.
Therefore, we applied the numerical method to solve the
problem. The node diagram is shown in Figure 4.

For the three consecutive nodes at time τ in Figure 4; Eq. 6 can
be transformed into Eq. 16 in a differential form.

Ti τ( ) − Ti τ − 1( )
⊿τ

� 1
ciρi⊿xi

Ti+1 τ( ) − Ti τ( )
1
2

⊿xi
λi
+ ⊿xi+1

λi+1( ) − Ti τ( ) − Ti−1 τ( )
1
2

⊿xi−1
λi−1 + ⊿xi

λi
( )⎡⎢⎢⎣ ⎤⎥⎥⎦

(16)
Where: ci is the specific heat of node i, J/(kg·K); ρi is the density of
node i, kg/m3; ⊿xi−1, ⊿xi, ⊿xi+1 are the lengths of nodes i − 1, i, i − 1

FIGURE 4
Diagram of node division.
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respectively, m; λi−1, λi, λi+1 are the thermal conductivity of nodes
i − 1, i, i − 1 respectively, W/(m·K). Eq. 16 can be transformed into
Eqs 17, 18, which is the thermal conductivity equation for each node.
To solve it, the boundary conditions of the third kind are erected to
form a system of equations with an unknown number equal to the
number of equations. The thermal equilibrium method is employed
to establish equations for the internal and external surfaces.

ai,i−1Ti−1 τ( ) + ai,iTi τ( ) + ai,i+1Ti+1 τ( ) � −Ti τ − 1( ) (17)

Wherein:

ai,i−1 � 2⊿τ

ciρi⊿xi
⊿xi−1
λi−1

+ ⊿xi

λi
( )

ai,i � − 2⊿τ
ciρi⊿xi

1

⊿xi−1
λi−1

+ ⊿xi

λi
( ) + 1

⊿xi

λi
+ ⊿xi+1

λi+1
( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ + 1

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭

ai,i+1 � 2⊿τ

ciρi⊿xi
⊿xi

λi
+ ⊿xi+1

λi+1
( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(18)

ρairCairVroom
dTair,inside τ( )

dτ
�∑Nbodies

i�1 hiAi Tsurface,inside,i τ( ) − Tair,inside τ( )[ ]
+∑Nglasses

j�1 hjAj Tair,outside τ( ) − Tair,inside τ( )[ ]
+ nkVroomρair

3600
Cair Tair,outside τ( ) − Tair,inside τ( )[ ]

+ Qsupply τ( )
(19)

According to the first-order forward difference format, Eq. 19
can be converted to:

ρairCairVroom
Tair,inside τ( ) − Tair,inside τ − 1( )

⊿τ
�∑Nbodies

i�1 hinside,iAiTsurface,inside,i τ( ) −∑Nbodies

i�1 hinside,iAiTair,inside τ( )
+∑Nglasses

j�1 Kglass,jAjTair,outside τ( )

−∑Nglasses

j�1 Kglass,jAjTair,inside τ( ) + nkVroomρairCair

3600
Tair,outside τ( )

− nkVroomρairCair

3600
Tair,inside τ( ) + Qsupply τ( )

(20)
The expression for IAT at time τ is expressed as:

Tair,inside τ( ) �

ρairCairVroomTair,inside τ − 1( )
⊿τ

+∑Nbodies

i�1 hinside,iAiTsurface,inside,i τ( )+
nkVroomρairCairTair,outside τ( )

3600
+∑Nglasses

j�1 Kglass,jAjTair,outside τ( ) + Qsupply τ( )
ρairCairVroom

⊿τ + ∑Nbodies
i�1 hinside,iAi +∑Nglasses

j�1 Kglass,jAj + nkVroomρairCair

3600

(21)

When without solar radiation, the expression for IAT at time τ is
expressed as:

Tair,inside τ( ) �

ρairCairVroomTair,inside τ − 1( )
⊿τ

+∑Nbodies

i�1 hinside,iAiTsurface,inside,i τ( )+
nkVroomρairCairTair,outside τ( )

3600
+ Qsupply τ( )

ρairCairVroom

⊿τ +∑Nbodies
i�1 hinside,iAi + +nkVroomρairCair

3600

(22)

When with solar radiation, the heat balance equation of
internal wall is addressed by Eq. 23. For the convenience of
expression, the directly accepted solar radiation (including direct
and scattered radiation) is represented by Itotal(τ). Meanwhile,
we adopted Tsurface,inside(τ − 1) to approximately
replace Tsurface,inside(τ).

houtside +Knode,1( )Tsurface,outside τ( ) − Knode,1Tnode,1 τ( )
� houtsideTair,outside τ( ) + αsolarItotal τ( )

+ εiσFground,i T
4
ground,i τ( ) − T4

surface,outside τ − 1( )[ ]
+ εiσFsky,i T

4
sky τ( ) − T4

surface,outside τ − 1( )[ ] (23)

When without solar radiation, the heat balance equation of
internal wall is expressed as:

houtside + Knode,1( )Tsurface,outside τ( ) − Knode,1Tnode,1 τ( )
� houtsideTair,outside τ( ) (24)

After dispersing, the heat balance equation of ground and other
envelopes are expressed as:

∑Nglasses

j�1 Itotal τ( )Aj + hinsideTair,inside τ( ) (25)

hinside +Knode,n( )Tsurface,inside τ( ) −Knode,nTnode,n τ( )

� 0.3 · SHGC · ∑Nglasses

j�1 Itotal τ( )Aj∑Nbodies
i�1 Ai

+ hinsideTair,inside τ( ) (26)

hinside +Knode,n( )Tsurface,inside τ( ) −Knode,nTnode,n τ( )
� hinsideTair,inside τ( ) (27)

FIGURE 5
Flow chat of dynamic solution process.
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2.4 Dynamic numerical solution

The building room thermal process can be decomposed into
several sets of equations. The equations without and with solar
radiation were shown in Eqs 28, 29, respectively.

houtside −Knode,1( ) −Knode,1 0 / 0
a1,0 a1,1 a1,2 / 0
/ / / / /
0 / a3,2 a3,3 a3,4
0 0 / −Knode,n hinside +Knode,n( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

·

Tsurface,outside τ + 1( )
T1 τ + 1( )

/
Tn τ + 1( )

Tsurface,inside τ + 1( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

houtsideTair,outside τ + 1( )
−T1 τ( )
/

−Tn τ( )
hinsideTair,inside τ + 1( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(28)

houtside −Knode,1( ) −Knode,1 0 / 0
a1,0 a1,1 a1,2 / 0
/ / / / /
0 / a3,2 a3,3 a3,4
0 0 / −Knode,n hinside +Knode,n( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

·

Tsurface,outside τ + 1( )
T1 τ + 1( )

/
Tn τ + 1( )

Tsurface,inside τ + 1( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

houtsideTair,outside τ + 1( ) + αsolarItotal τ( ) + _qclear,i−T1 τ( )
/

−Tn τ( )
hinsideTair,inside τ + 1( ) + _qrad,2,i

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(29)

The forward differential governing equations have an implicit
structure. The solving is stable, and the time step does not influence
the accuracy of the results. The numerical solution process inMatlab
is demonstrated in Figure 5.

TABLE 1 Designed working conditions.

Name Is there a window? Window orientation Insulation layers Working condition

N1 No None 0 N/H

N2 No None 1 N/H

S1 Yes Southward 0 N/H

S2 Yes Southward 1 N/H

FIGURE 6
Description of the model building: (A) dimensions; (B) physical drawings.

TABLE 2 Basic parameters of the model building.

Thickness (mm) Surface area (m2) Density (m3/kg) Specific heat (J/(kg·K)) Thermal conductivity (W/(m·K))
18 2.24 550 1720 0.11
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When the indoor air temperature is known, the heating load is
expressed as:

Qheating � CairρairVroom Tset − Tair,inside τ( )[ ]Tset >Tair,inside τ( )
0Tset ≤Tair,inside τ( ){

(30)

3 Experiment

To overcome challenges related to controlling changing parameters
in actual buildings and the intricate coupling effects of various factors on
IAT, the modelling case boxes are set up for onsite test (Chen et al.,
2021; Qian et al., 2022; Guo et al., 2023). This approach aimed to
investigate the impact of different factors on indoor air temperature
changes in model buildings under similar environmental conditions,
while accounting for solar radiation. Model building N consisted
entirely of particle panels (non-transparent envelopes), impervious to
solar radiation. It was divided into two groups: N1. In contrast, model
building S comprised fully glass (transparent enclosure structure) facing
the south, allowing solar radiation penetration. Corresponding tomodel

building N, model building S also had two groups, named S1, S2.
Summarily, Table 1 compiles the key characteristics of the model
buildings. The experiment was carried out on a hotel proof in
Songpan District (103°24′E, 32°40′N), Sichuan Province, China.
Unobstructed sunlight was available as there were no mountains or
structures blocking it. The experiment took place fromDecember 4th to
10th, 2022, and the weather remained clear throughout the
testing period.

3.1 Model building

For the convenience of experimentation, we modeled the
building based on similarity model theory (Zhou and Lv, 2012),
shrinking the actual building model into a rectangular box
measuring 800 mm in length, 600 mm in width, and 500 mm in
height according to correlation factors. This approach effectively
reduces both the building and the variables under study to the same
degree, ensuring the persuasiveness of the experiment. The
expandable polystyrene (EPS) was used for thermal insulation.
Detailed experiment design parameters are shown in Figure 6.

FIGURE 7
Physical picture of experimental instruments: (A) 100W electric heater; (B) universal anemometer; (C) total solar radiation recorder; (D) solar
scattering radiation recorder; (E) multi-channel data acquisition system; (F) Thermocouple.

TABLE 3 Details of the sensors.

Description Instrument model Range Accuracy

Electric heater JRD-100S ~ 100 W ± 10 %

Universal anemometer WFWZY-1 0.05-30 m/s 5 % ± 0.05 m/s

Total solar radiation recorder JTR-05 0-2000 W/m2 7 ~ 14 mV/(kW ·m2)

Solar scattering radiation recorder JTTS-05 0-2000 W/m2 7 ~ 14 mV/(kW ·m2)

Multi-channel data acquisition system JTDL-80 −20 ℃~ 100 ℃ ± 0.5 ℃

Thermocouple T type −200 ~ 350 ℃ 0.5 ℃
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The thermal conductivity particle boards, EPS, and glass were
measured using a thermal conductivity tester. The results show
that the thermal conductivity of EPS is 0.0345 W/(m·K), and that of
glass is 0.19 W/(m·K). The thermal parameters of the model
building materials are summarized in Table 2.

3.2 Instruments and sensors

The instruments utilized in this experiment are shown in
Figure 7; Table 3. However, due to the high proportion of direct
radiation in the Songpan district, cloud and fog occlusion could

FIGURE 8
Details of the experimental system: (A) measuring point in model buildings; (B) schematic diagram of data collection system; (C) site layout.

FIGURE 9
Distribution map of solar radiation intensity in China.
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easily lead to large temperature fluctuations, so we did not repeat the
experiments to analyze the uncertainty.

3.3 On-site testing

Experimental data were captured using a multi-channel
acquisition system, detailed in Figure 8. The corresponding
regional solar radiation intensities are shown in Figure 9. To
elaborate on the experimental setup, thermocouples were
strategically positioned on both the internal and external
surfaces. Notably, each model building was equipped with a
central thermocouple to monitor indoor air temperature. In
order to minimize errors stemming from direct solar radiation,
each thermocouple was meticulously affixed with tin foil paper. All
thermocouples were subjected to calibration within a water bath
prior to testing, ensuring consistency in initial temperature readings.
Importantly, the models were positioned in a manner that did not

obstruct each other. The experimental setup further incorporated a
universal anemometer and a solar radiation recorder, positioned
approximately 1 m from the model building. These devices
facilitated the recording of wind velocity and solar radiation.

Throughout the testing process, the recorder logged values on a
minute-by-minute basis, while temperature data were averaged
every 10 minutes to mitigate errors arising from unforeseen
circumstances.

3.4 Uncertainty analysis

The uncertainty analysis aims to assess the reliability and
accuracy of experimental results, considering both accidental
errors (Type-A uncertainty) and instrument errors (Type-B
uncertainty). Calculating the Type-A uncertainty by repeating the
experiment posed challenges and rendered it meaningless due to the
weather’s unpredictability. Therefore, we opted to Type-B

FIGURE 10
Comparison between the wall surface temperatures.

FIGURE 11
IATs of N1 under natural conditions.
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uncertainty. In this particular experiment, the Type-B uncertainty
primarily stemmed from inaccuracies inmeasuring temperature (T),
wind speed (u) and the solar radiation (qsolar). As a result, we
determine the uncertainty of the experimental outcomes using Eqs
31, 32 (Ma et al., 2022). After calculation, the overall uncertainty of
the experiment results was 2.4%.

f � f T, u, qsolar( ) (31)

Δf �

�������������������������������
δT

T| |max

( )2

+ δu

u| |max

( )2

+ δqsolar
qsolar
∣∣∣∣ ∣∣∣∣max

( )2

√√
(32)

4 Results and discussion

By comprehensively considering wall thermal inertia, as well
as heat transfer with and without with and without solar

radiation, separate validations are considered for three aspects
to thoroughly demonstrate the model’s accuracy and
applicability.

4.1 Wall thermal responses

Figure 10 presents a comparison between the experimental and
simulated surface temperatures. The trend of simulated internal and
external wall temperatures aligns with the experimental values. The
wall material, particle board, possesses significantly lower thermal
inertia than conventional building materials, with a mere thickness
of 0.018 m. Therefore, the simulation indicates a close proximity
between internal and external wall temperatures. The differences
between them-maximum, minimum, and average-are only
0.1°C, −0.2°C, and 0.02°C, respectively. Similarly, the disparities
between simulated and experimental external wall temperatures
yield values of 2.4°C, −4.2°C, and 0.6°C, respectively. The average

FIGURE 12
IATs of N2 under natural conditions.

FIGURE 13
IATs of N1 under heating conditions.
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error, based on experimental external wall temperature,
stands at 4.9%.

Furthermore, it’s important to consider two factors. Firstly,
given the substantial range of temperature fluctuations, errors in
calculation may lead to both positive and negative offsets. Secondly,
as temperatures approach 0°C, even a minor difference can result in
a significant error. The absolute ratio of average error to the
maximum experimental value is 4.6%. Additionally, the
maximum, minimum, and average difference between the
simulated and experimental values of the internal wall
temperature was 2.5°C, −4.2°C, and 0.7°C, respectively.

4.2 Comparison between with/without solar
radiation consideration

The heat transfer model, excluding solar radiation, was
established based on a traditional model that removed the effects

of absorbed, transmitted, and reflected solar radiation. Additionally,
it neglected radiative heat transfer between the building surface and
the environment. Given its inherent hypothetical nature, completely
isolating solar radiation and radiative heat exchange during field
measurements proved challenging, Consequently, validating the
mathematical model posed significant difficulty. Nonetheless,
comparative experimental conditions were devised to specifically
isolate transmitted solar radiation during the experimental tests. To
approximate the accuracy of the mathematical model, measured
data from the model building N were employed. Hence, for
validation purposes, four sets of results from model building
N1 and model building N3 were chosen.

Figure 11 shows the comparison results of N1 under natural
condition. The simulated values closely aligned with the
experimental values, showcasing a minimal average temperature
difference of 0.1°C. Additionally, the absolute ratio of the average
error to the highest experimental value stood at a mere 0.7%.
Notably, there exists a nuanced distinction between simulation

FIGURE 14
IATs of N2 under heating conditions.

FIGURE 15
IATs of S1 under natural conditions.
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and experiment results. During daylight hours, the simulation values
were slightly lower than the experimental values, a phenomenon
attributed to the long-wave radiation exchanged between the
building’s external surfaces and the surrounding environment.
Conversely, during the night, a marginal rise in simulation values
relative to experimental values was observed. This is possibly due to
the absence of glass in N1. Conversely, during the day, despite
N1 not transmitting solar radiation, the external walls would still
absorb solar radiation, leading to experimental values surpassing the
simulated values.

Figure 12 illustrates a comparison of results for N2 under natural
conditions. Analogous to previous cases, during daylight hours,
simulation values were lower than their experimental counterparts,
while during nighttime, simulation values surpassed the
experimental data. The statistical differences between them were
as follows: an average temperature difference of −0.7°C, a maximum
of 0.5°C, and a minimum of −2.5°C. Additionally, the absolute ratio
of the average error to the highest experimental value remained
minimal, at 6.4%. Notably, the overall trends of simulation and
experimental values aligned consistently.

Figure 13 displays a comparison of results for model building
N1 under heating conditions. Unlike the situation with natural

conditions, simulation values did not exhibit lower values than
the experimental values during the daytime. This shift can be
attributed to heating becoming the predominant influencing
factor. Moreover, the influence of solar radiation absorbed by the
building’s external wall surfaces, as represented in the theoretical
model, becomes less pronounced. The statistical disparities between
simulation and experimental data were as follows: an average
temperature difference of 1.6°C, a maximum of 5.4°C, and a
minimum of −1.1°C. Furthermore, the absolute ratio of the
average error to the highest experimental value was
calculated at 7.7%.

Figure 14 shows a comparison of results for model building
N2 under heating conditions. During daytime heating, the
simulation values exhibited remarkable alignment with the
experimental values. As observed in model building N1,
simulation values remained elevated compared to experimental
values following the cessation of heating at night. This can be
attributed to the theoretical model’s omission of the influence
stemming from long-wave radiation exchanged between the
building’s external surfaces and the outdoor environment. The
overall disparity between the two values was captured through
statistical measures. The average temperature difference stood at
1.9°C, with a maximum difference of 5.3°C and a minimum
difference of −0.8°C. Notably, the absolute value of the highest
proportion of average error registered a mere 0.5%.

In contrast to heat transfer models that exclude solar
radiation, those incorporating solar radiation take into
account its impact, aligning them with traditional building
heat transfer models. Thus, the validation process was
executed using the measured data from model building S1.
Figure 15 visually portrays the IATs for model building
S1 under natural conditions. The observed disparity between
simulated and experimental data is more pronounced during
daylight hours when solar radiation is considered, and less
marked during nighttime when solar radiation is absent. This
phenomenon can be attributed to two primary factors. Firstly, the
solar radiation data employed in the theoretical model is based on
measurements; however, inherent instrumentation limitations
might cause measured values to be lower than actual values.

FIGURE 16
IATs of S2 under heating conditions.

TABLE 4 The results of RMSD and CV.

Categories RMSD (°C) CV (%)

External wall temperature (N1) 2.1 28.3

Internal wall temperature (N1) 1.6 24.2

IAT (N1, Natural condition) 1.7 25.4

IAT (N3, Natural condition) 1.3 23.4

IAT (N1, Heating condition) 2.5 27.3

IAT (N3, Heating condition) 3.1 15.9

IAT (S1, Natural condition) 2.1 29.7

IAT (S1, Heating condition) 2.1 12.8

Frontiers in Energy Research frontiersin.org12

Zhang et al. 10.3389/fenrg.2024.1333506

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1333506


Moreover, the measured data was sampled at 1-min intervals. To
facilitate calculations, an hourly average was employed to
mitigate peak solar radiation. Secondly, despite precautions
taken in the experimental setup to minimize direct sunlight
exposure, the thermocouple measuring indoor air temperature
could not entirely avoid absorbing sunlight, leading to localized
temperature elevation. In contrast, the theoretical model operates
in an ideal environment, calculating indoor air temperature with
minimal external influences. Quantitatively, the average
temperature difference between simulated and experimental
values is 1.1°C, with a maximum temperature difference of
6°C. The absolute ratio of the average error to the highest
experimental value remains exceptionally low at 0.5%.

Figure 16 visually represents the IATs for model building
S2 under heating conditions. Notably, at the initial phase of
heating, simulated values exceeded experimental values. This
discrepancy can be attributed to potential differences between
actual heating power and the tested value, potentially leading to
pronounced calculation results. Post 13:00, simulation values
exhibited substantial fluctuations, mainly due to the
unpredictable impact of intermittent cloud cover. Quantitatively,
the average temperature difference between simulated and
experimental values is 1°C, with a maximum temperature
difference of 2.7°C. Importantly, the absolute ratio of the average
error to the highest experimental value remains remarkably
low at 2.1%.

4.3 Evaluation and validation

The validation of model results was conducted through visual
analysis in the preceding article. To comprehensively expound the
alignment between experimental and simulated results, we adopted
the root mean square deviation (RMSD) and the coefficient of
variation (CV) as evaluation metrics (Vogt et al., 2018; Li et al.,
2020). The calculation formulas are expressed as:

RMSD �
�����������∑N

i�1 tE − ts( )2
N

√
(33)

CV � RMSD

tE| | × 100% (34)

Where: tE is the experimental value, °C; ts is the simulated
value, °C.

Table 4 presents the comparison results for RMSD and CV. It is
noteworthy that all CV values fall below 30%, indicating the model’s
substantial reliability.

5 Conclusion

In this paper, a modified and improved dynamic thermal
design model is put forward for built environment and energy
consumption estimation for passive buildings for plateau
buildings. Moreover, the simplified experiment is set up to
monitor dynamic thermal responses for modelling building.
The onsite experiment indicates that window-to-wall ratios,
architectural orientation, thermal insulation coefficients, have

substantial impacts for solar heat gains in plateau buildings. In
addition, the data validation between model simulation and
experiment involves various influence impacts, especially on
wall heat transfer models with and without solar radiation
considerations. The preliminary validation results demonstrate
that the proposed thermal model accuracy is quite desirable in
engineering applications, with the coefficient of variation (CV)
ranging within 30%, denoting the model robust reliability. The
study renders building design guidance for energy conservation
in high altitude plateau areas.
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