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Abstract: In the context of global decarbonization goals and increasing urban electricity
demand, the green transformation of power industry buildings to enhance the utilization
of renewable energy represents a significant contribution to sustainable social development.
Rooftop photovoltaic (PV) systems can reduce unnecessary radiative heat gain and gener-
ate clean electricity to support this transition; however, they also alter the rooftop wind
environment. Deploying rooftop PV systems requires well-planned design strategies to
optimize renewable energy production while ensuring adequate natural ventilation, partic-
ularly for semi-outdoor main transformer rooms where ventilation and heat dissipation are
crucial for safe substation operations. This concept was tested at a 220 kV substation in
Guangzhou, China, using Computational Fluid Dynamics (CFD) and PVSYST to assess the
impact of different rooftop PV systems on natural ventilation and power generation. The
analysis showed that while the horizontal PV system achieved the highest energy output, it
also resulted in a wind speed reduction of 13.2% or 11.8%. In contrast, the 10° symmetrical
PV system offers the most balanced solution, with only a 0.6% decrease in ventilation
performance but at the cost of a 13.87% reduction in PV output. The unilateral pitched
PV system results in ventilation losses of less than 4%, and the power generation loss is
also kept below 4%. However, this configuration may lead to increased wind loads. This
approach can be developed into a practical design tool to further support the integration of
PV systems in substation green retrofitting projects.

Keywords: roof vents; natural ventilation; rooftop photovoltaic

1. Introduction

A critical priority in achieving sustainable development involves tackling climate
change through greenhouse gas emission mitigation [1,2]. Globally, building energy con-
sumption exceeds 40% of the total usage in developed nations, while this share continues
to climb across developing countries [3]. In 2022, the total energy consumption of China’s
building and construction sector reached 2.42 billion tons of standard coal equivalent (tce),
accounting for 44.8% of the country’s total energy consumption [4]. Following the Paris
Agreement, China subsequently set targets to peak carbon emissions by 2030 and achieve
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nationwide carbon neutrality by 2060 [5]. The construction industry, particularly industrial
buildings, plays a crucial role in achieving this decarbonization goal [6,7].

In the context of the United Nations” Sustainable Development Goals and China’s
dual carbon goal, industrial buildings are facing a wide range of green transformation
needs [8,9]. The power industry is one of the major contributors to global carbon emissions,
making its development a key area of focus. Substations are a crucial part of the power
industry, playing a key role in the reception and distribution of electricity. Their operation
inevitably generates a significant amount of carbon emissions, making the construction of
low-carbon substations a major development trend for the future [10]. The spacious flat
roofs of industrial buildings are highly suitable for the installation of rooftop-distributed
PV systems. This topic has attracted extensive research attention and has been widely
implemented in practice [11]. The installation of PV systems on the roofs of urban substa-
tions is one of the approaches to promoting green, low-carbon development and enhancing
energy conservation and emission reduction. This practice has already been implemented
in China [12]. Urban substations are essential power infrastructure for cities. As urban
development progresses, the number of substations continues to increase [13]. Therefore, in
the future, more urban substations will require green retrofitting, and rooftop PV systems
will be a key topic worthy of focus and discussion [14]. When PV systems are integrated
into the building envelope, they expand the surface area available for power generation,
reduce the need for additional land, and mitigate the environmental impact [15].

However, it is important to note that the PV system may obstruct the open space
above the semi-indoor substation originally intended for natural ventilation, which could
negatively impact the safe operation of the substation. The unique structural character-
istics of semi-indoor substations, such as partially enclosed walls and rooftop exposure,
create a complex thermal environment that necessitates advanced thermal management
strategies [16]. Insufficient heat dissipation can lead to elevated temperatures, negatively
impacting operational efficiency and the lifespan of equipment. Additionally, excessive
heat accumulation increases the risk of safety incidents, posing a threat to the stability and
reliability of the power supply network [17]. When the PV system is installed in this type of
substation, it is necessary to discuss the impact of the PV system on the wind environment.

Natural ventilation is the process of introducing fresh air into indoor spaces using
natural forces (such as wind and/or thermal buoyancy) rather than mechanical energy.
These natural forces typically influence the efficiency of natural ventilation; they may act
independently, oppose each other, reinforce one another, or sometimes work in synergy [18].
Rooftop natural ventilation and cooling are well-established methods for optimizing in-
door environmental quality in buildings [19]. Through numerical studies, the impact
of various influencing factors on the thermal performance of naturally ventilated roofs
has been analyzed, leading to the identification of optimal design parameters and their
adaptability [20].

To study the interaction between PV systems and their surrounding environment, CFD
simulation methods have been widely applied [21,22]. With the continuous advancement
of numerical algorithms and computational power, CFD has become a reliable and widely
used research method across various fields, including PV system analysis. And the airflow
above/around photovoltaic (PV) panels and the air gap between PV panels and the building
envelope are key topics of discussion in this field [23]. At the same time, enhancing the
natural ventilation of rooftop PV systems can improve PV panel cooling. The authors of [24]
employed the standard k-¢ turbulence model to describe turbulent natural convection.
Through numerical studies, they explored the impact of natural convection air cooling on
the performance of a novel hybrid photovoltaic/thermal (PV/T) collector. The findings
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indicated that increasing the tilt angle of the PV /T system can enhance airflow velocity,
thereby improving cooling efficiency.

CFD simulation is also widely used in the natural ventilation design of substations [10].
Through numerical modeling and CFD simulation research, the air inlet design of an indoor
substation can be optimized to enhance natural ventilation and reduce the dependence on
mechanical ventilation, thus reducing the carbon emission of the substation [25]. Natural
ventilation can improve heat dissipation in high-temperature, high-load indoor substations,
but improper design may interfere with the main air intake of the exhaust fans, leading to
low cooling efficiency [26]. The feasibility of natural ventilation in substation control build-
ings located in cold regions during summer and transitional seasons has been demonstrated
using CFD methods [27]. Using CFD simulations, the ventilation and heat dissipation of a
semi-indoor substation main transformer room are analyzed and optimized. Reference [17]
evaluates the impact of air inlet angles on the velocity distribution, temperature distribu-
tion, and airflow rate. The impact of PV system installations on the wind environment
of substations is relatively underexplored. However, semi-outdoor substations are highly
sensitive to natural ventilation, making it essential to use CFD simulations to assess how
PV systems affect such substations.

The design of the PV system above the semi-outdoor main transformer room is of
critical importance, requiring a balance between ventilation efficiency, energy consumption,
and maintenance convenience. Considering local climatic factors, such as wind direction,
wind speed, and rainfall, is essential to ensure that the PV system does not negatively
impact the ventilation of the main transformer room while maximizing the utilization
of these natural factors to enhance both ventilation efficiency and PV power generation.
Accurately assessing the impact of PV panel arrangements on airflow is crucial, given the
specific operational requirements and internal spatial structure of the main transformer
room. Traditional rooftop PV designs typically focus only on factors affecting power gener-
ation, such as building orientation, local latitude, and solar resources, while overlooking
the impact of PV systems on rooftop wind environments and indoor natural ventilation.
Existing substation construction guidelines provide ambiguous instructions regarding PV
panel placement, and research in this area is significantly lacking. Therefore, this study
introduces an optimized rooftop PV system strategy aimed at maximizing PV generation
capacity without compromising the natural ventilation of the main transformer room. This
study evaluates the effects of the orientation, tilt angle, and arrangement of PV panels on
natural ventilation airflow within the main transformer room and PV power output. The
objective is to determine the most effective PV panel layout to enhance both rooftop PV
system performance and natural ventilation efficiency within the main transformer room.

2. Materials and Methods
2.1. Research Object

The 220 kV semi-outdoor substation examined in this study is a standard design used
in the China Southern Power Grid, as shown in Figure 1a. For the selected 220 kV semi-
outdoor substation in this study, the main transformer rooms requiring natural ventilation
are concentrated on one side of the building’s long axis, while the office spaces are located
on the opposite side. In practical engineering applications, office spaces requiring natural
lighting are typically oriented southward, while main transformer rooms that demand
ventilation and heat dissipation are positioned on the north side. This study is based
on the climatic parameters and architectural characteristics of China’s hot-summer and
warm-winter regions, making the findings more applicable to the specific requirements of
substations in these areas.
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(b)

Figure 1. Geometric model: (a) the 220kV transformer substation; (b) the simplified model.

PV power generation is highly sensitive to factors such as orientation, shading, and
ventilation for heat dissipation. Both the main transformer rooms and the PV system
require effective ventilation for thermal management. However, the installation of PV
panels on the roof can influence the natural ventilation of the main transformer rooms. This
study explores the effects of different PV layout configurations on the roof of a substation
where the main transformer rooms face north. The analysis focuses on the impact of these
layouts on natural ventilation within the main transformer rooms and the power generation
performance of the PV system during the summer season.

2.2. CFD Numerical Simulation
2.2.1. Modeling and Computational Domain

This study conducts CFD simulations using the Fluent software [Ansys Fluent | Fluid
Simulation Software Available online: https://www.ansys.com/products/fluids/ansys-
fluent (accessed on 20 May 2025)].The main transformer room is characterized as a semi-
outdoor type that lacks a rooftop cover, which facilitates a spacious area with natural
ventilation. The primary objective of this study is to examine the impact of PV arrangement
on the wind environment inside the main transformer room. Therefore, the influence of
ambient wind and heat sources (transformers) on wind pressure is not considered. The
model configuration is delineated in Table 1.

Table 1. Geometric model of the computational domain.

Item Parameter (m)
Transformer substation 80.4 x 43.2 x 29.6
the simplified model 20.1x 43.2 x 29.6
Transformer room 19.1 x 20.0 x 29.6
Transformer 12.0 x 8.2 x 4.0
Vents 12.0 x 1.5 x 0.5

The substation building in this study consists of four main transformer rooms, each
with identical scale and structure. Additionally, the substation exhibits uniform geometric
characteristics along the airflow inlet and outlet directions. Therefore, the research model is
simplified by retaining only a single main transformer room for CFD simulation, as shown
in Figure 1b. The shape of a building typically influences the airflow distribution in its
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surroundings. When simulating the outdoor wind environment of a building, the three-
dimensional model should accurately represent the building’s dimensions and intricate
details within the height boundary. However, in practical applications, simplifying the
computational model of the actual building is often necessary to reduce computational time
and accelerate convergence [28]. This simplification involves minimizing the complexity of
protrusions and recesses while ensuring that the modifications do not significantly affect
the airflow distribution around the building [29].

In the computational domain, H (height) represents the height of the tallest building
within the considered area. The distance between the inlet and the building is set to at least
5H, a constraint that also applies to the outlet boundary and the lateral boundaries of the
building. The height of the computational domain is defined as 6H. The external computa-
tional domain measures 316.1 m x 339.2 m x 177.6 m, with the substation positioned at its
center, with dimensions of 20.1 m X 43.2 m x 29.6 m. The substation is located 5H away
from the horizontal boundaries and 6H from the top boundary, ensuring compliance with
the requirements for computational domain boundaries and the blockage ratio [30].

2.2.2. Computational Meshing

In numerical simulations, an appropriate mesh is crucial for obtaining accurate com-
putational results. Generally, increasing the mesh resolution enhances accuracy; however,
excessively refined meshing significantly raises computational costs [19]. In this study,
a polyhedral mesh was generated using a partitioned meshing approach, as shown in
Figure 2. The external domain was uniformly divided into volume meshes, while mesh
refinement was applied to the walls, PV panels, and the space inside the main trans-
former room. To achieve more precise calculations of ventilation airflow within the main
transformer room and to better capture the details of the internal flow field, two body
of influence (BOI) regions were defined to enclose the target area, as shown in Figure 3.
BOL.1 employed a finer mesh to improve the accuracy of wind field calculations on the
windward side of the building and in recirculation zones. BOIL.2 utilized the finest mesh
to ensure high-accuracy wind field calculations inside the main transformer room. After
conducting a mesh independence test and analyzing the trends in pressure and velocity
distribution, a grid system with 3.4 million cells was selected for this study, considering
both computational accuracy and cost.

BOI.1 BOI.2

Figure 2. Diagram of meshing (sectional view).
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Figure 3. Computational domain: (a) computational domain; (b) body of the influence (BOI) region.

2.2.3. Governing Equations

When using CFD tools to address ventilation problems, two-equation models such
as the standard k-¢ model, the RNG k-¢ model, and the Realizable k-¢ model are widely
used in engineering applications [19]. A study by [31] compared various engineering
applications and theoretical models, concluding that the Realizable k-¢ model provides
the most accurate simulation results for industrial workshops under high-temperature
buoyancy effects. Therefore, this study adopts the Realizable k-¢ model to simulate the
natural ventilation of the transformer.

2.2.4. Calculation Boundary Condition Setting

Since wind direction, ambient temperature, and solar radiation exhibit significant sea-
sonal variations, summer is characterized by the highest temperatures, leading to the greatest
demand for natural ventilation. Additionally, it is the period with the highest PV energy
yields. Therefore, the operating conditions in this study are set for the summer season.

Based on the meteorological conditions [32] of Guangzhou and the CFD experimental
settings from the previous study [33], this study assumes a wind environment condition of
a southerly wind in summer with a wind speed of 2.0 m/s. The fixed walls were mainly
the indoor ground, walls, and roof, which were set as non-slip walls.

2.3. Photovoltaic Capacity Simulation

PVsyst is used to evaluate the performance of various photovoltaic technologies
in accordance with the IEC 61724 standard [34]. Known for its advanced weather data
processing, energy yield simulation, and shading analysis, PVsyst enables the accurate
comparison of PV technologies under different climatic conditions. This level of detailed
analysis is essential for validating system performance [35]. In PVsyst, the modeling process
involves defining the site location and setting up meteorological data. Subsequently, the
PV system components, including modules, inverters, and the layout, are configured. The
system is then simulated to evaluate performance and optimize the design.

1. The first step is to select the geographical location of the PV system based on its
latitude and longitude. This ensures that the system design is tailored to the specific
solar irradiance and climatic conditions of the selected region. In PVsyst, selecting the
predefined Guangzhou site (Guangzhou_Baiyun_MNB80) from the software’s database
provides access to local climate data, such as solar irradiance, temperature, humidity,
as well as time zone and altitude information.
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2. We then specify the electrical parameters of the PV system, including equipment specifi-
cations such as PV modules and the inverter. A 400 W PV module from the software’s
predefined database is selected, as described in Table 2. The inverter is chosen based on
the installed capacity using the predefined 100 kW model SUN2000-100KTL-H1. The
PVsyst software package [PVsyst | Photovoltaic Software, Design and Simulate Photo-
voltaic Systems. Available online: https:/ /www.pvsyst.com (accessed on 20 May 2025)]
includes predefined detailed technical specifications for these electrical components, so
no additional input from the user is required during the simulation process.

3.  Finally, based on the PV system configurations in each case (as shown in Table 3),
the specific position of each row of PV panels is defined in PVsyst, thus allowing for
the construction of a complete PV system model, as illustrated in Figure 4. PVsyst
incorporates both the electrical equipment specifications and the 3D layout of the PV
modules to account for factors affecting power generation, such as detailed electrical
losses and near shading, and provides comprehensive simulation data.

Table 2. Electrical specifications of the PV panels in PVsyst.

Tvve Maximum Maximum Maximum Open Circuit Open Circuit TCeI(:IeE;feil;aigl;e Dimensions (mm)
M Power (W) Voltage (V) Current (A) Voltage (V) Current (A) (%/°C)
Si-mono 400 41.10 9.730 49.83 10.380 0.040 1984 x 1007 x 40

Table 3. Cases of various roof PV types and roof directions.

Case No Transformer Orientation Roof Type Roof Slope (°) Roof Orientation
1 Windward side None None None
2 Leeward side None None None
3 Windward side Flat 0 None
4 Leeward side Flat 0 None
5 Windward side Unilateral pitched roof 5 Windward side
6 Windward side Unilateral pitched roof 5 Leeward side
7 Leeward side Unilateral pitched roof 5 Windward side
8 Leeward side Unilateral pitched roof 5 Leeward side
9 Windward side Unilateral pitched roof 10 Windward side
10 Windward side Unilateral pitched roof 10 Leeward side
11 Leeward side Unilateral pitched roof 10 Windward side
12 Leeward side Unilateral pitched roof 10 Leeward side
13 Windward side Symmetrical pitched roof 5 None
14 Leeward side Symmetrical pitched roof 5 None
15 Windward side Symmetrical pitched roof 10 None
16 Leeward side Symmetrical pitched roof 10 None
PV array System User (load)
Inverter : Grid
E Array E outinv E over
— | —> — Or
PV U Array \/\ E usa Eback—up
Array
N I On
User
E needed
(a) (b)

Figure 4. PVsyst simulation: (a) PV system layout (The blue part represents PV panels.); (b) electrical

schematic diagram.
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3. Simulation of Operating Conditions
3.1. Case Study

When the same number of PV panels is installed, different layout configurations of
the PV panels can influence the wind environment within the building cavity and affect the
natural ventilation performance. However, the position and arrangement of the PV panels
may cause self-shading, reducing the PV output. This study first aims to verify whether
different PV panel positions and configurations impact the wind environment of the main
transformer room and whether these effects remain within an acceptable range.

Figure 5 and Table 3 present the details of the substation cases, including different PV
panel installation methods on the roof and variations in roof structures, such as flat roofs,

symmetrical pitched roofs, and single-slope roofs.

Figure 5. Different types of roof PV: (a) The main transformer room is oriented north. (b) The main
transformer room is oriented south.

3.2. Model Setup

The material settings for the industrial workshop natural ventilation simulation model
are shown in Table 4. The main structure of the substation is made of concrete, while the
roof is equipped with monocrystalline silicon PV modules, with detailed parameters listed
in Table 2.

Table 4. Material setting.

Specific Heat Capacity Thermal Conductivity

Zone Material Density (kg/m®) (J/kg-K) (W/m2-K) Emissivity
Indoor and outdoor air Air 1.125 1.013 2.585 /
wall Cement 2800 856 2.25 0.94
Ground surface Cement 2800 856 2.25 0.94

In both the CFD simulation and the PV performance simulation, the opening areas of
all roof vents and the boundary conditions, as well as the number of PV panels and their
spacing in the horizontal direction, are kept consistent throughout the analysis.
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4. Results and Discussion
4.1. Effect of Roof PV Forms on Natural Ventilation

Figure 6 illustrates the wind velocity contours and vector diagrams of the substation
under various scenarios. When the incoming wind faces the building, Case 1—with no
PV system—is taken as the baseline. Particular attention is given to the main transformer
room located on the windward side, including the airflow at its ventilation openings,
within its interior, and across the rooftop space. The ventilation openings remain critical to
facilitating natural ventilation in the main transformer room. Compared to the leeward-
facing Case 2, the airflow velocity at the inlets is higher in the windward-facing Case 1,
and the airflow has a broader influence within the interior space. However, after entering
the main transformer room, a significant portion of the airflow tends to converge along
the walls with the overhead airflow within the building. When the PV system is installed
horizontally (Case 3), the airflow at the ventilation openings shifts toward the center of the
main transformer room, which is more favorable for internal ventilation. Simultaneously,
the PV panels guide the airflow along the underside of the panels, aiding in the heat
dissipation of the PV back surface. When the PV system is installed facing the wind
(Cases 5 and 9), the inlet airflow also shifts toward the center of the transformer room.
Case 9, which features an offset angle, performs better than Case 5, further demonstrating
the influence of panel angle on ventilation. Additionally, the PV panels help channel
the airflow beneath them, and the slope more effectively directs the air out. When the
PV system is symmetrically installed (symmetrical pitched roof, Cases 13 and 15), the
indoor stagnant zones are reduced, resulting in improved ventilation performance. In
this configuration, the PV panels also achieve ventilation effects similar to those seen in
windward-facing PV systems. In the case of leeward PV installations (Cases 6 and 10), the
PV panels interact with airflow separation at the building’s rooftop edge, guiding a portion
of the high-speed airflow beneath the panels. However, this airflow does not enter the
interior space. While this high-speed flow benefits the cooling of the PV back surface, it also
increases the wind load on the panels, necessitating more robust structural support. The
airflow at the ventilation openings remains largely unaffected, but a reduction in indoor
stagnant zones is observed.

When the incoming wind blows toward the building, Case 2—without a PV system—is
taken as the reference. Particular attention is given to the leeward-side main transformer
room, including its ventilation inlets, internal airflow, and rooftop space. On the windward
side, airflow separates at the roof edge of the building, leading to wind speed-up. On the
leeward side, a large wind shadow zone forms near the main transformer room, where wind
speeds decrease and vortices occur. Most of the vortex airflow ascends along the exterior
wall of the main transformer room toward the rooftop, while a smaller portion enters the
room through the ventilation openings and merges with the vortex wake above the room.
The wind velocity from the ventilation openings toward the transformer is appreciable;
however, much of the interior space remains in a stagnant airflow zone. When the PV
system is horizontally installed (Case 4), the PV panels disrupt the interaction between the
vortex wake and the airflow entering through the ventilation openings, thus weakening
the natural ventilation effect. Additionally, airflow beneath the PV panels is limited, which
is also detrimental to the ventilation cooling of the PV back surface. When the PV system is
installed in a windward orientation (Case 7 and Case 11) or symmetrically (Case 14 and
Case 16), it does not cause significant disruption to the indoor airflow. The rooftop airflow
is split by the PV panels and flows along their surfaces, which facilitates cooling of the
PV backsheet. Among these, the airflow on the backside of the PV panels in Case 11 is
better than in Case 7, and in Case 16, it is better than in Case 14, further highlighting the
influence of installation angle on PV system ventilation performance. When the PV system
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is installed in a leeward configuration (Case 8 and Case 12), the PV panels contribute to
the airflow separation occurring at the building’s rooftop edge and direct part of the high-
speed airflow into the main transformer room. However, this high-speed airflow conflicts
with the natural airflow entering through the ventilation openings, thereby weakening
the room’s ventilation effectiveness and expanding stagnant airflow zones. Although this
redirected airflow benefits PV backsheet cooling, it also increases the wind load on the
PV panels, imposing stricter structural requirements for panel mounting. In particular,
the wind speed-up effect in Case 11 is more pronounced than in Case 7, indicating that
when PV panels are installed leeward with a tilt, the angle significantly affects the wind
environment above the building.

Figure 6. Contours and vector diagrams for different cases.

To further quantify the impact of different PV system configurations on ventilation
in the main transformer room, three vent area (vent areas A, B, and C, as shown in
Figure 7) were defined at critical locations where the room exchanges air with the ex-
ternal environment—specifically at the rooftop and bottom space. In the post-processing
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stage, the area-weighted average method was used to calculate the velocity. Since areas
A and B are identical in size and share the same ventilation conditions, their values were
combined to obtain a net value representing the bottom ventilation performance. Figure 8
shows detailed data for all cases. The ventilation performance of Case 1 (transformer
orientation: windward side) and Case 2 (transformer orientation: leeward side) is used
to evaluate the baseline heat dissipation level of the main transformer room without PV
systems. This serves as the reference for comparing the impact of various PV installation
strategies on thermal performance. The model adopted in this study is based on a standard
construction scheme that has been in practical use for nearly two decades, and its effec-
tiveness in meeting heat dissipation requirements under typical wind conditions has been
well validated. Using this as a benchmark, other cases are compared to assess whether
the proposed PV installation methods meet the heat dissipation demands of the electrical
system. Case 3 and Case 4 are used as reference cases. Both use horizontally mounted PV
systems. These are used to compare and assess the impact of PV installation on ventilation
performance. Detailed data can be found in Appendix B.

Figure 7. Schematic diagram of the designated ventilation areas.

First, the impact of PV system installation on ventilation in the main transformer
room is evaluated. Compared to the initial condition without PV systems, the comparison
between Case 1 and Case 3, as well as between Case 2 and Case 4, shows that horizontal PV
installation reduces airflow velocity in the ventilation zones. Specifically, in the windward
scenario, the wind speed at the bottom ventilation area is reduced by 13.2%, while in the
leeward scenario, it is reduced by 11.8%. The ventilation speed in the overhead space
remains low in both conditions and is largely unaffected. This indicates that the commonly
used horizontal PV installation method has a negative impact on substation ventilation.

Next, this study evaluates whether the proposed PV installation methods can mitigate
the ventilation rate losses caused by PV system placement. Under the windward condition
of the main transformer room, the PV layout strategies proposed in this study (Case 5,
Case 6, Case 9, Case 10, Case 13, and Case 15) all show significant improvements in
ventilation performance compared to Case 3. The increases are 12.6%, 11.3%, 11.9%,
13.2%, 8.6%, and 14.6%, respectively. Compared to Case 1, all of these layout strategies
demonstrate good ventilation performance. In comparison to the condition without PV
panels, the ventilation speed losses caused by the PV systems in these cases are 2.3%, 3.4%,
2.9%, 1.7%, 5.7%, and 0.6%, respectively.
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Figure 8. Airflow velocity in the vent area. The solid and dashed legends indicate the relationship
between the main transformer room and wind direction. Case 3 (Net: 1.51 m/s, C: 0.30 m/s) and
Case 4 (Net: 0.60m/s, C: 0.11 m/s), both with horizontally mounted PV systems, are used as reference
cases for comparison.

Among these, the unilateral pitched roof configurations demonstrate consistent im-
provement, while the symmetrical pitched roof cases exhibit greater variation in perfor-
mance. Under the leeward condition of the main transformer room, the proposed layout
configurations in this study (Case 7, Case 8, Case 11, Case 12, Case 14, and Case 16) exhibit
relatively small fluctuations. Among them, Case 8 performs less favorably than Case 4,
while the other configurations show improvements. In the unilateral pitched structure,
smaller angles are more advantageous. The symmetrical pitched structures consistently
demonstrate improved performance, nearly equivalent to that of Case 2, which represents
the condition without the PV system.

Finally, taking into account ventilation performance (wind velocity contours, vector
diagrams, and velocity), PV back surface cooling, and structural risks due to wind loads,
the most balanced configuration is the 10° symmetrical PV system (Case 15/16). This
configuration achieves the best ventilation performance among all PV-installed cases, with
only a 0.6% reduction compared to the no-PV baseline and a 14.6% improvement over the
horizontal PV setup. It also features minimal indoor stagnant zones and smooth airflow
beneath the PV panels for effective cooling. Additionally, it avoids high wind pressure
loads, offering greater structural safety. Horizontal configurations (Case 3/4) are not
recommended due to their significant reduction in ventilation performance. The use of
single-pitched structures should be approached with caution, especially at larger slopes, as
they may introduce increased wind loads.

4.2. Influence of PV System Forms on Power Generation Output

This section investigates the power generation, generation loss, and self-shading ratio
of rooftop PV systems under three tilt angles (0°, 5°, and 10°) and two orientations (south-
facing and north-facing). The analysis is based on simulation results from the PVsyst
software, with detailed outputs provided in Appendix A.

As shown in Figure 9a, the horizontally mounted system, which is free from inter-
panel self-shading, achieves the highest power output of 120.4 MWh and is used as the
reference for evaluating generation losses in other configurations. For south-facing single-
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slope systems with 5° and 10° tilt angles, the power outputs are 118.3 MWh and 115.7 MWh,
corresponding to generation losses of 1.74% and 3.90%, respectively. These systems out-
perform the south-facing symmetrical pitched roof configurations, which generate power
outputs of 106.1 MWh and 103.7 MWh, with respective losses of 11.88% and 13.87%.
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Figure 9. Power generation: (a) photovoltaic system power generation and power generation loss;
(b) photovoltaic self-shading loss.

For north-facing single-slope systems with 5° and 10° tilt angles, the influence of tilt
on self-shading becomes particularly significant. At a 10° tilt, severe shading leads to the
lowest power output of 96.3 MWh and a loss rate of 20.02%, making it the least favorable
option for PV generation.

As shown in Figure 9b, symmetrical pitched roofs exhibit the highest self-shading
ratio. However, within this roof type, the tilt angle has a limited impact on power output;
the 10° configuration generates 2.26% less electricity than the 5° configuration.

4.3. Lessons Learned for PV Layouts in Semi-Outdoor Substations

This section discussed the impact of different PV system configurations on indoor
ventilation and now provides a deeper comparison with other related studies to highlight
the specific application context of this research. The focus here is on how the PV panel
layout affects the wind environment of the building. This study evaluates the influence
of PV system installation on ventilation and cooling in the main transformer room to
ensure that power generation performance is achieved without significantly compromising
natural ventilation.

The existing literature has begun to recognize the importance of jointly optimizing
ventilation openings and PV layouts in industrial buildings to satisfy natural ventilation
requirements. One study, which focused on adjusting rooftop vents and PV layouts
in industrial workshops, showed that for naturally ventilated buildings, the form and
position of rooftop vents had no significant effect on the indoor thermal environment,
provided that the total exhaust area was maintained. Ventilation volume dropped slightly
by approximately 5% [19], but adjusting the roof structure and vent layout allowed for
increased PV coverage. This is consistent with the findings in the present study, which
observed that a horizontal PV layout led to a ventilation reduction of around 10%, while
a well-designed system (e.g., 10° symmetrical layout) reduced the impact to just 0.6%.
However, the mentioned study was conducted on enclosed industrial buildings with roofs
and focused on repositioning ventilation openings rather than modifying the PV layout
itself. In contrast, ventilation studies on substations have primarily focused on fully indoor
substations. For example, the study titled An Investigation of the Ventilation Systems of
Whole-Indoor Urban Substations developed a combined natural and mechanical ventilation
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strategy to address high indoor temperatures. It concluded that improving ventilation—
whether by reducing outdoor temperatures or increasing airflow—can effectively lower
indoor temperatures [36]. Like the present study, it emphasized the importance of natural
ventilation for cooling in substations. Another study using CFD to optimize the air inlet
design of an indoor substation (110 kV) under natural ventilation found that a dual-inlet
configuration improved cooling uniformity and avoided airflow decay. Compared to a
single-inlet design, the dual-inlet layout reduced the maximum transformer temperature
by 1.3 °C and improved energy utilization by 9.1% [26]. This aligns with the findings in this
study, where symmetrical PV configurations function effectively as ventilation openings,
offering the most balanced performance.

To date, there has been limited research on how PV installation affects the wind
environment in semi-outdoor substations. However, because semi-outdoor substations
are highly sensitive to natural ventilation, using CFD simulations to assess the impact
of PV systems is especially important. This research contributes new insights into the
application of PV systems in semi-outdoor substation settings, filling an important gap in
the existing literature.

5. Conclusions

This study proposes an optimization strategy for installing PV systems above the
main transformer room of semi-outdoor substations, aiming to enhance natural ventilation
for both the main transformer room and the PV panels while also comparing the power
generation performance of various PV configurations. Through in-depth analysis, this
study evaluates the effects of adjusting roof form, slope angle, and windward orientation
on improving both the natural ventilation performance of the main transformer room and
the power generation capacity of the rooftop PV system.

The horizontally arranged PV system yields the best photovoltaic performance and
has minimal impact on the wind environment inside the main transformer room. However,
the installation of horizontal PV systems reduces airflow velocity in ventilation zones,
particularly in the windward bottom area, where the ventilation speed is decreased by
13.2% and by 11.8% in the leeward condition. Additionally, under leeward conditions,
horizontal PV systems have a negative effect on heat dissipation in the main transformer
room and offer poor ventilation conditions for cooling the rear surface of the PV modules.

For unilateral pitched PV systems, since Guangzhou is located in the Northern Hemi-
sphere, south-facing installations are more favorable for power generation. Compared
to horizontal PV systems, the energy losses are smaller: at tilt angles of 5° and 10°, the
south-facing single-slope configurations generate power outputs of 118.3 MWh (1.74% loss)
and 115.7 MWh (3.90% loss), respectively. However, for north-facing systems with the
same tilt angles, the effect of self-shading becomes particularly significant; at 10°, the loss
rate reaches 20.02%, making it the least favorable option for PV generation. Therefore,
north-facing configurations are not recommended. In terms of natural ventilation, when the
PV system is oriented windward, it can improve the airflow inside the main transformer
room, reduce stagnant zones, and guide the inlet airflow toward the center of the room.
Compared to horizontal PV systems, the proposed PV layouts in this study significantly
improve ventilation performance, with increases of 12.6% (Case 5), 11.3% (Case 6), 11.9%
(Case 9), and 13.2% (Case 10). Compared to the no-PV baseline (Case 1), these configura-
tions also demonstrate good ventilation, with minor airflow losses of 2.3%, 3.4%, 2.9%, and
1.7%, respectively, ensuring adequate ventilation for the transformer room. Additionally,
these layouts offer better airflow beneath the PV panels, aiding module cooling. Larger
tilt angles (10°) have a more pronounced effect on indoor airflow than smaller angles (5°),
but they also result in higher power losses, especially for north-facing installations. In
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leeward configurations, PV systems can negatively impact ventilation in the transformer
room and are subjected to higher wind loads; the steeper the angle, the greater the wind
pressure, which increases structural requirements for mounting the PV system. Therefore,
careful consideration is needed when choosing a single-slope orientation, particularly in
controlling the overall tilt angle.

For symmetrical pitched PV systems, good ventilation conditions are maintained
under both windward and leeward conditions. Compared to horizontal PV systems, sym-
metrical layouts significantly improve ventilation by 8.6% (5°) and 14.6% (10°). Ventilation
performance improves with increasing tilt angle, with the 10° symmetrical layout achieving
the best ventilation performance among all PV-equipped cases—only a 0.6% reduction
compared to the no-PV baseline. However, due to self-shading, power generation is re-
duced by 11.88% (5°) and 13.87% (10°), with losses increasing at steeper angles. When the
transformer room is on the windward side, the PV system improves indoor airflow; on the
leeward side, the impact is minimal. Furthermore, no wind speed-up is observed near the
PV modules, which supports safe system operation.

From the perspective of thermal safety for electrical equipment, the 10° symmetrical PV
system offers the most balanced solution in terms of ventilation velocity, airflow distribution
in the transformer room, PV back surface cooling, and structural wind load risks. It provides
the best ventilation performance among all PV-equipped cases (only a 0.6% reduction
compared to the no-PV baseline and a 14.6% improvement over the horizontal PV system),
the least indoor stagnation, smooth PV backflow ventilation, and no excessive structural
burden from wind pressure, ensuring high operational safety.

The conclusions are as follows:

(1) The 10° symmetrical PV system offers the most balanced solution. Although the
symmetrical pitched roof installation has relatively lower power output, it provides
the most stable and reliable ventilation performance without introducing additional
wind load risks. The 10° symmetrical PV system offers the most balanced solution
in terms of ventilation velocity, airflow distribution in the transformer room, PV
back surface cooling, and structural wind load risks, showing only a 0.6% reduction
compared to the no-PV baseline and a 14.6% improvement over the horizontal PV
system. While the symmetrical roof installation results in lower power generation,
it provides the most reliable ventilation effect and eliminates concerns about the
additional wind load.

(2) The traditional horizontal PV installation method presents certain drawbacks for both
natural ventilation in the main transformer room and heat dissipation from the rear
side of the PV modules. In the windward condition, airflow velocity at the bottom
ventilation zone is reduced by 13.2% and by 11.8% in the leeward condition. Therefore,
when applying PV systems in semi-outdoor substations, it is essential to integrate
wind environment assessments into the design process. However, this installation
method is not affected in terms of power generation performance.

(3) The unilateral pitched installation method requires a comprehensive evaluation of
multiple factors. It is most suitable for environments with a consistent prevailing
wind direction, where a windward layout can achieve dual optimization of power
generation and natural ventilation. Compared to the horizontal PV system, ventilation
performance improves by more than 10%, and the ventilation loss relative to the no-PV
condition remains below 4%. For south-facing orientations, the power generation loss
remains under 4%. However, this layout can lead to higher wind loads, increasing
installation costs, and may also hinder the airflow entering the ventilation openings
in windward configurations.
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6. Patents

The PV system design method for rooftop ventilation and heat dissipation proposed in
this study has been submitted as a patent. It addresses the technical issue of low ventilation
and cooling efficiency in semi-indoor substations where PV panels are horizontally installed
with intervals on the rooftop.
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Figure A1. (a) Annual power generation of the horizontal PV system. (b) Annual power generation
of the 5° south-facing PV system. (c¢) Annual power generation of the 5° north-facing PV system.
(d) Annual power generation of the 5° symmetrical PV system. (e) Annual power generation of
the 10° south-facing PV system. (f) Annual power generation of the 10° north-facing PV system.
(g) Annual power generation of the 10° symmetrical PV system.
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Appendix B
. . Vent Area A Vent Area B Net of A and B Vent Area C
Case No. Transformer Orientation

(m/s) (m/s) (m/s) (m/s)
1 Windward side 1.93 1.55 1.74 0.28
2 Leeward side 0.72 0.63 0.68 0.13
3 Windward side 1.70 1.33 1.51 0.11
4 Leeward side 0.64 0.56 0.60 0.11
5 Windward side 191 1.50 1.70 0.32
6 Windward side 1.90 1.48 1.68 0.2
7 Leeward side 0.70 0.61 0.65 0.13
8 Leeward side 0.56 0.51 0.54 0.15
9 Windward side 1.89 1.50 1.69 0.22
10 Windward side 1.92 1.51 1.71 0.32
11 Leeward side 0.74 0.63 0.69 0.14
12 Leeward side 0.65 0.57 0.61 0.19
13 Windward side 1.81 1.48 1.64 0.29
14 Leeward side 0.71 0.63 0.67 0.12
15 Windward side 1.92 1.55 1.73 0.33
16 Leeward side 0.71 0.64 0.67 0.14
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