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Abstract: Currently, urban development has entered the stage of renewal and transforma-
tion. Energy transition is an important trend for sustainable urban development, and the
assessment of solar energy potential in old residential areas in cold regions is of great signif-
icance. This study selects 47 old residential communities in Jinan, a cold region of China, as
case samples. Using clustering algorithms based on spatial form characteristic parameters,
the study divides the samples into five categories. The study then uses the Ladybug tool
to simulate the distribution and total solar energy utilization potential of buildings in the
five categories and analyzes the correlation between eight spatial form parameters and
building solar energy potential. A linear regression model is established, and strategies
for the application of BIPV in community buildings are proposed. The study finds that
factors such as plot ratio, building density, open space ratio, volume-to-surface ratio, and
form coefficient have a significant impact on the solar energy potential of residential com-
munities; the p-values are —0.785, —0.783, 0.783, —0.761, and 0.724, respectively. Among
these, building density (BD) is the most crucial factor affecting the solar energy potential of
building facades. Increasing by one unit can reduce the solar energy utilization potential
by 28.00 kWh/m?/y. At the same time, installing photovoltaic panels on old residential
buildings in cold regions can reduce building carbon emissions by approximately 48%. The
research findings not only provide methodological references for photovoltaic technology
application at varying neighborhood scales in urban settings but also offer specific guidance
for low-carbon retrofitting of aging urban communities, thereby facilitating progress in
urban carbon emission reduction.

Keywords: cold regions; old communities; BIPV; spatial morphology; correlation analysis

1. Introduction

With economic development and population growth, the world is experiencing a
wave of rapid urbanization. Global energy demand is increasing, which has led to an
energy crisis and climate change. Carbon emissions are receiving increasing attention
worldwide. The world’s energy choices are shifting towards sustainable development
and cleaner energy utilization methods. Human activities in cities are a significant source
of greenhouse gas emissions, and residential buildings, as essential spaces for human
production and daily life, occupy a substantial portion of urban areas. During the rapid
economic development of China in the 1980s and 1990s, a large number of residential
buildings were constructed. After three to four decades of use, these buildings no longer
meet the current needs of residents.
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Currently, there are approximately 170,000 old and dilapidated residential communi-
ties, accounting for about 12% of the total existing residential buildings in the country [1].
Among them, the proportion of old residential areas in major cities in China’s cold areas is
shown in Figure 1. As an important component of urban residential buildings, they have
attracted significant attention due to their low-carbon and energy-saving renovation [2].
The old residential communities in urban China generally have the characteristics of high
building density and high utilization intensity [3]. Optimizing urban spatial morphology is
of significant importance in reducing building carbon emissions [4]. From the perspectives
of scale and utilization intensity, installing photovoltaic systems on old urban residential
buildings has significant potential to reduce building carbon emissions. In recent years, the
photovoltaic power generation and its proportion in the total electricity consumption of
Shandong Province are shown in Figure 2. Currently, research on building solar energy
utilization mainly focuses on three levels: urban, district, and individual buildings. Urban
building solar energy utilization is an important strategy for cities to promote renewable
energy use [5]. Scholars have conducted research on this topic from various dimensions
and perspectives. For example, technologies such as aerial photography or LiDAR (light
detection and ranging) are used to identify urban buildings and other objects in order to ob-
tain high-precision digital terrain models (DTMs) and digital surface models (DSMs). This
enables 3D modeling of the entire city, allowing for the rapid calculation of solar radiation
at the urban scale and the analysis of the solar energy utilization potential of rooftops.

4500 759 50%

9
3845
4000 Jg 3571 45% 45%
b
3500 AW
3000 |

1% 40%
30%

2500 | 2167 2057
1700

B
—
37% s

30%

25%
2000

Number

20%

1500 15%

1000 [ 10%

500 5%

0 0%

Jinan Qingdao Shijiazhuang Zhengzhou  Tianj Taiyuan
Number of Number of old The proportion of
580 residential EEEES residential —W—  old residential

Figure 1. The proportion of old residential areas in major cities in cold areas.
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Figure 2. 2017-2023 photovoltaic power generation and its proportion in Shandong Province.

In addition, to explore the relationship between spatial morphology parameters and
the solar energy utilization potential of buildings, scholars have conducted research on the
solar energy potential at the block level from various perspectives. Z. Y. Fan and others
simulated the energy generation of building-integrated semi-transparent photovoltaics
in 14 climate representative cities and found that the solar energy utilization potential
varies with the climate of each city [6]. K. S. Lee and others used computer simulations to
investigate the impact of various design factors, such as building type, site coverage ratio,
and floor area ratio, on solar energy utilization potential. They also employed multiple
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linear regression to analyze the relationship between solar energy and building layout [7].
M. Morganti and others identified correlations between building solar energy utilization
and urban morphology indicators (UMIs), including the overall spatial index, facade-to-
space ratio, and sky factor. Their research highlighted how these spatial characteristics
influence the solar energy potential of buildings [8]. A. Vulkan and others studied the
photovoltaic potential of rooftops and facades in high-density urban residential areas,
focusing on the impact of nearby building shading. They assessed how shading affects
the solar energy potential of rooftops and facades and analyzed the extent to which these
surfaces contribute to the overall solar energy potential of the city’s buildings [9]. S. Xu
and others used clustering algorithms to classify 48 urban industrial districts into 7 cat-
egories, calculated the solar energy distribution and total potential of the districts, and
proposed photovoltaic optimization strategies. The results show that building density has
the greatest impact on building solar energy potential [10]. These studies indicate a close
relationship between urban spatial morphology and the solar energy utilization potential
of residential buildings [11,12]. Determining their correlation can better assist architects in
developing photovoltaic installation strategies and promote the sustainable development
of urban energy.

As mentioned above, although the relationship between spatial morphology parame-
ters and solar energy utilization potential has been widely studied, most research focuses
on solar energy utilization at the urban and individual building levels. Studies on solar
energy potential in residential buildings at the district scale are mostly concentrated in
Europe and the United States. Due to regional and national differences, the spatial mor-
phology patterns of residential buildings in foreign countries differ significantly from those
in China [13]. As a result, the findings from these studies may not be directly applicable to
residential communities in China. Current research in China on the solar energy potential
of aging urban residential communities is insufficient. Most studies rely on remote sensing
images combined with machine learning algorithms or use GIS to estimate the solar energy
potential of building rooftops within cities. However, these methods are not suitable for
studying the solar energy potential of Chinese residential communities, which have regular
patterns in their urban spatial morphology.

In residential communities in China, rooftops are not the only locations for photo-
voltaic (PV) installations. The building envelope (facade and walls) can also serve as an
implementation path for building-integrated photovoltaics (BIPV). However, it is more
susceptible to shading effects from adjacent buildings and other environmental factors,
which can reduce the energy output of the photovoltaic system [14]. Affected by the angle
of solar incidence and environmental shading, although photovoltaic systems on vertical
facades receive less solar radiation compared to rooftops, the large surface area of residen-
tial building facades means that integrated photovoltaic systems on these facades can still
make a significant contribution to the low-carbon and energy-saving development of urban
buildings [15]. Although photovoltaic applications have broad prospects, factors such as
urban geographical location, building orientation, roof type, and surrounding obstacles
can all affect the efficiency of photovoltaic energy utilization. This necessitates the study of
solar energy potential at the street and block scale in complex urban environments.

Therefore, this study will focus on the impact mechanism of the spatial form parame-
ters of old residential areas on solar energy utilization potential in cold regions. Through
quantitative analysis, it aims to reveal the role of the block level in the urban spatial solar
energy utilization potential. In Jinan, a city in China’s cold regions, 47 samples were
selected based on the community layout, morphological parameters, and roof types and
grouped into five categories using cluster analysis as research subjects. Using numerical
simulation methods, the solar energy utilization potential of different sample types was
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calculated, and the impact of urban spatial form parameters on solar energy utilization
potential was analyzed.

Compared to other studies, this research focuses on old residential communities in
cold regions. It systematically evaluates the photovoltaic potential of roofs and fagades,
addressing the characteristics of high-density housing in China. The study finds that the
photovoltaic potential of facades has been severely underestimated, breaking through the
previous limitation of only focusing on roofs. Additionally, a multidisciplinary approach
was employed to quantify the relationship between eight spatial form parameters and
solar energy potential for the first time, creating a high-precision predictive model. Finally,
differentiated photovoltaic strategies (such as prioritized fagade installation for tower-
type buildings) are proposed, and their carbon reduction benefits are verified, providing
localized solutions for low-carbon renovation of old residential communities in cold regions.

2. The Full Simulation
2.1. Study Area

The study selected Jinan, Shandong Province, China, as the research area. Jinan is
located in the central-western part of Shandong Province, China, at the transitional zone
between the Lu Zhong Mountain Range and the Lu Xibei Plain. Its geographical coordinates
are 36°02/-37°54' N and 116°21’-117°93' E. To the east, it borders Zibo; to the south, it
adjoins Tai’an; to the west, it connects with Liaocheng; and to the north, it is close to Dezhou
and Binzhou. The Yellow River flows through the city from southwest to northeast. The
southern part of the city is characterized by low hills and mountains formed by the Tai
Mountain range, while the northern part is a Yellow River alluvial plain, with the terrain
being higher in the south and lower in the north. As the capital of Shandong Province,
Jinan is a transportation hub connecting the East China and North China regions, and it
features both mountainous landscapes and flat plain geography.

Jinan is classified as a cold region in China’s building thermal design zones. Jinan has
a temperate monsoon climate, with abundant sunlight throughout the year. The annual
average sunshine duration is approximately 2400 h. In summer (June to August), the
sunlight lasts the longest, with an average of about 230 h per month. In winter (December
to February), the sunlight duration is shorter, with an average of about 170 h per month.
The annual average wind speed is about 2.5 m per second, with stronger winds in spring
(March to May), averaging about 3 m per second per month, and weaker winds in summer
and autumn. The annual average temperature is around 14.5 °C, with July being the hottest
month (around 27 °C) and January the coldest (around —1 °C). The region has a significant
demand for energy in building heating and cooling [16]. Precipitation is concentrated in
summer, while winter is dry and cold. Spring and autumn are mild and pleasant.

Therefore, the region has a significant energy demand for building heating and cool-
ing. Jinan receives an annual solar radiation of 1376 kWh/m? and has an annual sunshine
duration of 2542.7 h, indicating an abundant solar energy resource. As the capital city
of Shandong Province, Jinan experienced rapid economic development from the 1980s
onwards, with the concurrent construction of multi-story residential neighborhoods to meet
the needs of population growth and urban development. The majority of the multi-story
neighborhoods in the central area of Jinan were built in the early and middle 1990s. The
study selected the built-up area of the city center of Jinan as the research area, where the in-
tensity of urban development is generally higher due to the longer construction history. The
research area comprises a mixture of residential neighborhoods, commercial areas, business
centers, and urban villages, resulting in various limitations for photovoltaic installations.
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2.2. Method

The study employed a block type-based approach to analyze the samples and their
surrounding environments. The geometric shapes of the samples and the built urban
environments surrounding them were used to categorize them based on density, building
layout, and other characteristics. The 3D model used in the study was created in the Rhino
8.0 (non-open source) modeling software, and the spatial form parameters were calculated
using QGIS 3.36 (open source) and Grasshopper 2.0 (non-open source). The solar radiation
received by the sample was calculated using the Ladybug Tools1.3 (open source) plugin
integrated into the Grasshopper platform.

Compared to other software, Ladybug is deeply integrated with Grasshopper and sup-
ports parametric building environment simulation and multidimensional visual analysis,
making it suitable for sustainable design optimization of architectural schemes. Its built-in
Radiance and EnergyPlus engines allow for the customization of building envelopes and
surrounding environment parameters to calculate the direct and indirect solar radiation
received by the building’s surfaces. Based on the calculation results, the spatial form
parameters’ correlation with solar energy utilization was analyzed using the R 4.4.3 and
RStudio 1.1 (open source) statistical analysis software. Stepwise selection was then applied
to retain the most significant parameters for multiple linear correlation analysis, which was
used to establish a regression calculation model.

In the first stage, 47 samples of old communities were selected based on the surround-
ing built environment and geographical location. High-resolution satellite images and
2D building footprints were obtained from sources such as OpenStreetMap (open source).
On-site investigations were conducted to determine the number of floors, facade charac-
teristics, and surrounding environmental elements of the buildings. The building height
was estimated based on the average floor height (3 m), the urban form of the building was
constructed using geometric blocks around the target, and the site’s building 3D data was
extracted and imported into Rhino for constructing a sample 3D geometric model [17,18].
(The standard floor height of common residential buildings is typically between 2.8 and
3.2 m, so 3 m was selected as the average floor height.)

In the second stage, based on the investigations and surveys conducted in the research
area, the composition logic and spatial design parameters of the sample neighborhoods
were determined. The impact of surrounding buildings on the sample neighborhoods in
terms of shading and other factors was investigated, and the influencing factors of spatial
form were recorded. The samples were classified into five types using clustering analysis
as the classification criterion. The consideration of shading is to account for the real-world
scenario where other buildings around urban old communities impact their reception of
solar radiation. Determining the surrounding impact can provide guidance for subsequent
practical calculations of building photovoltaic layouts. Additionally, the calculation of
some morphological parameters in subsequent steps may be affected by the environment;
however, this will not ultimately impact the research results.

In the third stage, the areas suitable for photovoltaic utilization within the sample
neighborhoods were identified. Ladybug Tools [19], a plugin integrated into the Grasshop-
per platform, was used to import typical meteorological year (TMY) data for solar radiation
simulation on a 1 x 1 m grid on building surfaces. The solar radiation received by each
test block was calculated, and it was determined whether the cumulative solar radiation
exceeded the standard test conditions of photovoltaic panels. The photovoltaic power
generation capacity was then statistically analyzed.

In the fourth stage, the correlation between spatial morphology parameters and
photovoltaic power generation capacity was analyzed. The relationship between the
photovoltaic power generation capacity per unit area of the sample facades and spatial
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form was visualized using scatter plots and correlation heatmaps. A linear regression
model was established, and application strategies were proposed. The workflow of this
study is shown in Figure 3.
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Figure 3. Flow of the study.

2.3. Morphological Parameters and Sample Extraction

The spatial form of urban residential neighborhoods determines the shading pattern
between buildings, thus affecting the solar energy utilization potential of the entire neigh-
borhood. The layout of street blocks and residential neighborhoods is controlled by various
urban spatial morphology parameters. Based on the literature review, this study selects
control indicators that cause shading and obstruction to buildings, including volume-area
ratio (VA), floor area ratio (FAR), building density (BD), open space ratio (OS), shape factor
(SF), roof-to-facade area ratio (RF), building height-to-length ratio (HLR), and skyline view
factor (SVF). SVF refers to the ratio of the solid angle of visible sky to the entire sky dome,
which is directly related to the use of solar energy on facades and is determined by the
position and form of the surrounding buildings, which determines obstacles to direct and
indirect solar radiation. After setting up the sample models in Grasshopper, the parameter
tool was used to calculate the respective urban form control parameters. Table 1 lists the
meanings and calculation formulas of the form parameters.

Sample Selection Criteria

(1) Selection criteria for buildings: The selected samples primarily consist of residential
communities built between 1980-2000 in Jinan. During this period, the neighborhoods
predominantly adopted robust brick-concrete or frame structures, with 72% featuring flat or
slightly sloped roofs—ideal conditions for PV installation. Architecturally, these buildings
exhibit favorable characteristics including wider building spacing (12-15 m) and regular
roof shapes (92% rectangular), achieving an average usable roof area ratio of 65%, signifi-
cantly higher than modern communities. Furthermore, this period’s residential buildings
avoided complex decorative components and reserved ample space for equipment (4-6 m?
per unit), and the layout of the pipelines was more conducive to photovoltaic integration,
creating a unique advantage for solar energy utilization.
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Table 1. Urban form parameters.
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(2) Geographic location: Based on the geographical locations of sampled old commu-
nities, areas range from the early developed central urban areas to the outskirts of the city.
Stratification criteria are determined based on geographical features such as the presence of
building obstructions nearby, and old communities are selected and classified accordingly
based on these criteria.

(3) Spatial scale: Based on the research objectives and resource constraints, the selection
of sampled old communities should be based on the number of buildings and floor levels
to determine the spatial scale. Sampled communities should consist of more than two
buildings and be higher than three floors to ensure the representativeness of the sample.

(4) Spatial form: The zoning criteria are determined based on factors such as the
building form and layout of the community. The old residential areas can be classified into
slab-type, enclosed-type, tower-type, and mixed-type based on the floor plan differences,
as shown in Figure 4. Finally, through cluster analysis, the selected samples within the
area are divided into four categories, and parametric modeling is conducted based on the
survey data, as shown in Table 2.
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Figure 4. Division of spatial form of old residential areas in the region.

(5) Roof form: In the old residential areas of cold regions in China, the building roof
types are mainly divided into flat roofs and pitched roofs, with flat roofs being more
common. The sample size is determined based on the proportion of old residential areas
within the region, and the final spatial form parameter results of the sample communities
are shown in Figure 5.

Table 2. Clustering analysis of spatial morphology of old communities in the region.
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Figure 5. Sample cell spatial morphology parameter results.

2.4. Building PV Calculations
2.4.1. Photovoltaic Utilization Factor

The photovoltaic utilization coefficient refers to the ratio of the remaining surface
area available for photovoltaic installation to the total building surface area, excluding
factors such as windows and structural components. By analyzing whether the solar
radiation falling on the building surface exceeds the solar radiation threshold required
by the photovoltaic components, the feasibility of installing photovoltaic modules at that
location can be determined. Therefore, in this study, the effective coefficient of roofs (C;)
and facades (C¢) will be determined based on the sampled communities.

Cr = Cro x Cg x Gyt x Cp x Ce 1)

Ce=Cy ()

In Equation (1), Cy, represents the roof area coefficient, which is the ratio of the roof
area to the building area, with a value of 0.9. C; represents the facility coefficient, which
refers to the proportion of the roof not occupied by HVAC equipment, chimneys, etc.,
with a value of 0.8. Cg; represents the solar water heater coefficient, which refers to the
proportion of the roof not occupied by solar water heating systems, set at 0.9. Ce represents
the roof utilization coefficient, with a value of 1 for flat roofs and 0.69 for sloping roofs.

If the building is a regular rectangle with no complex shape, the roof area may be close
to the footprint area. However, in practice, some edge space is often left out (such as for
gutters and railings), so a roof area ratio of 0.9 is more reasonable. Residential buildings
usually need to place equipment such as cooling towers, fans, and pipes on the roof, which
may occupy 15-25% of the roof area, so the facility ratio is typically 0.8. Solar collectors
usually cover part of the roof, with coverage often around 10%, so the solar water heater
ratio is generally 0.9. For flat roofs, the entire projected area can be directly used to install
equipment or photovoltaic panels. The pitch of sloped roofs is typically between 30° and
45°, and the roof utilization ratio generally ranges between 0.71 and 0.87 (cos45°-c0s30°).
However, considering the structural limitations of the ridge line, eaves, and other features
of the sloped roof, the roof utilization ratio is typically selected as 0.69.

In Equation (2), Cy¢ represents the facade equipment coefficient, which is the ratio of
the area not occupied by air conditioning facilities to the facade area, excluding windows,
set at 0.9. The building height is uniformly set at 3 m. The window-to-wall ratio for the
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south facade is 0.35, and there are no windows on the east and west facades. The height of
the windows above the ground is 1.1 m for each floor.

2.4.2. Photovoltaic Potential

The comparison table of common photovoltaic module parameters is shown in Table 3.
Compared to monocrystalline silicon, polycrystalline silicon is more affordable. Based on
current mainstream trends and comprehensive considerations, the study adopts polycrys-
talline silicon photovoltaic modules with the following specifications: 380 W power output,
dimensions of 1650 x 992 x 40 mm, and a weight of 20 kg per panel.

Table 3. Comparison table of common photovoltaic module parameters.

Type Power (W) Size (mm) Weight (kg) Efficiency (%) Manufacturer
Monocr{;fEalgge silicon 400-450 1754 x 1096 x 30 19-22 20-21.5 L?rl(\)lgi)gr;leE}Eﬁggy
Monocgg;ggf)smwn 420-480 1762 x 1134 x 30 21-23 21-23 ]}?:r?gi?hcrlffr??
Polycrystalline silicon 350-380 1650 x 992 x 40 18-20 15-17 frofﬁnsfi;r}’sai“(’:ﬁna

Thin film (CdTe) 350-420 1200 x 600 X 6.5 12-15 15-18 LONGi Solar CdTe from

Hangzhou, China

This study calculates the building photovoltaic utilization coefficient and further esti-
mates the photovoltaic installation ratio on each surface of the building, which represents
the proportion of available area for photovoltaic modules on each building surface. The
calculation formulas are as follows:

Proof
Rroof = Aroof (3)
T0O
Pfacad
Rfacade = Afacade (4)
acade

Equations (3) and (4) represent the photovoltaic installation ratios on the roof (R;q.f)
and facade (Reycade) Of the building, respectively. Proof and Pg,cade represent the available
areas for photovoltaic installation on the roof and facade, while Aot and Ag,caqe represent
the total areas of the roof and facade. The available photovoltaic area is determined by
samples obtained, primarily influenced by the radiation threshold of photovoltaic panels.
The radiation threshold refers to the minimum radiation required for photovoltaic panels to
achieve a balance between energy generation and consumption over their entire lifespan. In
this study, the threshold for rooftop solar photovoltaic generation is set at 486 kWh/m? /y.

The solar power generation potential is an important indicator for calculating the
photovoltaic utilization potential of the building. The factors considered in electricity
generation include the conversion efficiency of photovoltaic modules, the potential for
photovoltaic installation, and the degradation rate of the components. According to the
“Design Specification for Photovoltaic Power Stations” (GB 50797-2012) [20], the formula
for calculating photovoltaic power generation is as follows:

Ep = Hp X Apy x K xn x (1 —Rg)N ! (5)

In Equation (5), Hp represents the total annual solar radiation received by the building
surfaces. Apy represents the available area for installing photovoltaic modules on the
building surfaces, ) represents the photovoltaic conversion efficiency (set at 17.3%), K rep-
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resents the comprehensive efficiency coefficient (set at 87%), Rq represents the photovoltaic
module’s degradation rate (set at 1.4%), and N represents the service life of 25 years.

The study calculates the solar energy utilization potential per unit building area within
the samples and represents it as the photovoltaic generation intensity (PVGI), as calculated
by Equation (6).

Ep
PVGI= 2= Q)

In Equation (6), PVGI is the photovoltaic generation intensity (kWh/m?/y), Ep, is the
annual solar energy generation of the photovoltaic panel (kWh/y), and At is the total
building area (m?).

The photovoltaic power (PV Power) refers to the maximum power that a photovoltaic
system can generate under specific conditions (such as a certain radiation intensity, temper-
ature, etc.), calculated by Equation (7).

PV Power = PVGI X Apy (7)

In Equation (7), PV Power is the photovoltaic power (kWh/y), PVGI is the photovoltaic
generation intensity (kWh/m?/y), and Ay, is the area of the building surface where the
photovoltaic components are installed (m?).

Taking a building as an example, a photovoltaic panel installation model was estab-
lished, with the roof elevation and south elevation diagrams shown in Figures 6 and 7.

2000 6000 2000(mm)

Facade PV:Polycrystalline silicon material,dimensions of
1650%992x40mm,2x4 array

7500(mm)
EHEEE
EHEEEE
EEHEEEE
EHEHEH
EHEEES

6000

Roof PV:Polycrystalline silicon material,dimensions of
1650%x992x40mm,3x6 array

992(mm)

Thickness 40mm

7500

B
EBE
e
B
B

1650(mm)

Polycrystalline silicon solar panel size

Figure 6. Roof plan of the building.

3000(mm)

Facade PV

3000(mm)

3000(mm)

900 2100(mm) 900 2100(mm) 900 2100(mm) 500

7500(mm) 6000(mm) 7500(mm)

Figure 7. South elevation of the building.
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3. Results
3.1. Solar Radiation Results

By conducting an annual solar radiation simulation assessment for 47 sample commu-
nities, the differences in solar radiation per square meter and distribution patterns were
compared for various types of building roofs and facades in old residential areas. The study
defines the annual sunshine hours as 2542.7 h.

Figure 8 shows the solar radiation received per unit building area for the samples.
Through simulation and data analysis of acceptable radiation intensity for the samples, it
is observed that the solar radiation received on building facades of various types exceeds
that received on roofs. Among all the building types, the tower block type allows for
more solar radiation to be received on the building facades. As the sample examples are
located in the central urban areas, the solar radiation received on flat roofs ranges from
421.36 kWh/m? /y to 306.76 kWh/m?/y, with only some samples experiencing partial
shading from surrounding high-rise buildings. For sloped roofs, the solar radiation received
ranges from 354.03 kWh/m? to 256.30 kWh/m?/y. Regarding the building facades, the
average solar radiation received on the south, east, and west facades is lower than that on
the rooftops. Among these, the south facade receives the most ample solar radiation due
to the larger distance between buildings in the north-south direction, with a proportion
above the solar radiation threshold of photovoltaic components reaching 99%. Due to
mutual shading between buildings within the samples, the areas on the east and west
facades that exceed the solar radiation threshold for photovoltaic components are 78% and
80%, respectively.

1000

Solar radiation potential

A

PRSI SN
FYIYVIIIIIYY

Figure 8. The illustration of the solar radiation capacity of the external facade and roof.

3.2. Intensity of Photovoltaic Power Generation

Figure 9 presents the photovoltaic generation capacity per unit building area for
47 sample units. Taking into account factors such as the installed area of photovoltaic panels
on roofs and facades, photovoltaic conversion efficiency, and overall efficiency coefficients,
we calculated and compared the photovoltaic generation intensity (PVGI) of different types
of sample roofs and facades. The average PVGI values for the tower block and mixed block
samples were significantly higher at 40.24 kWh/m?/y and 35.87 kWh/m?/y, respectively.
The PVGI average for the slab block samples was in the middle range at 33.08 kWh/ m2/ y.
The enclosed block and sloped roof samples had lower and relatively similar PVGI averages
at 30.56 kWh/m?/y and 28.57 kWh/m? /y, respectively. The difference between the highest
tower block sample and the lowest sloped roof sample mean values was 11.67 kWh/m?/y.
The results show that tower Block, mixed block, and slab block samples have greater solar
energy utilization potential compared to enclosed block and slope roof block samples.
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Figure 9. Schematic diagram of photovoltaic power generation intensity of rooftop photovoltaic and
external facade photovoltaic.

Figure 10 presents the total photovoltaic generation intensity on the rooftops and
facades of the samples. For the slab block, tower block, enclosed block, and mixed block
types of residential buildings, the rooftops have similar photovoltaic generation intensities
since they are all flat roofs with mostly similar-height surrounding buildings that do not
cause shading. However, for the E samples with sloped roofs, the photovoltaic generation
intensity on the roof is lower compared to flat roof types. In contrast to roofs, facades of
different building types show significant differences in photovoltaic generation intensity
due to varying layouts and surrounding building conditions.

The total photovoltaic power generation intensity of
Slab block, Tower block, and Mixed block rooftops ~ |
and facades is relatively high, while that of
Enclosed block and Slope roof block is relatively low

50 b

45 |

40

35 | - - ;

30

A B (¢
|:| Slab block :l Enclosed block |:| Towe

D E
r block l:l Mixed block |:| Slope roof block
Figure 10. Box diagram of PV capacity for five sample categories.

Total Pv Generation Intensity
(kWh/m?/y)

3.3. Photovoltaic Application Strategies

Due to similar spatial layouts in communities of the same type, similar photovoltaic
application strategies can be adopted. By calculating the ratio of the area on building
facades and roofs that meets the photovoltaic panel irradiation threshold, multiplied by
the proportion of available area for each surface, the photovoltaic installation ratio on each
building surface can be obtained. From Figure 11, it can be seen that the east-facing and
west-facing facades have no windows and are only affected by building shading. Their
highest available area ratios are 0.69-0.76 and 0.58-0.80, respectively. The flat roof has a
ratio of 0.65. The window-to-wall ratio on the south facade is relatively large, resulting in
a lower usable area, ranging from 0.88 to 0.90. The sloped roof, influenced by angle and
orientation, has the lowest usable area ratio at 0.48.
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Figure 11. Ratio of PV usable area on each face of the five sample building types.

Among all the types of samples, rooftop installations have the highest proportion,
featuring more concentrated areas and less impact from shadow obstruction. Compared

to flat roofs, sloped roofs, although having a larger surface area, only utilize 50% of the

photovoltaic area of flat roofs. The building facades are affected by the mutual shading of

surrounding buildings, with facades closer to the rooftops receiving more solar radiation

and facades closer to the ground receiving less. In most samples, the distance among

the buildings in the north-south direction is generally equivalent to the building height,

resulting in sufficient solar radiation. However, due to more windows, the usable area

on the south facade is smaller than the usable area on the rooftop for photovoltaic instal-

lation. Due to the close spacing between buildings within the sample, only the higher

parts of the east and west facades receive solar radiation greater than the photovoltaic

threshold of 486 kWh/m?. Almost all north facades receive solar radiation lower than the

threshold. Therefore, installing photovoltaic panels on the north facades of the buildings is

not considered.

1scussion

4. D

The differences in spatial morphology parameters result in diverse three-dimensional

spatial environments in old communities and also have various impacts on the solar energy

utilization potential within these neighborhoods. The variations in three-dimensional

spatial environments lead to different mutual obstructions between buildings, resulting

in variations in solar radiation received by building rooftops and facades, which in turn

affects the overall solar potential of old communities. Therefore, this section analyzes the

correlation and impact patterns between the spatial form parameters of old residential

areas and the solar energy utilization potential of building facades.

4.1. Influence of Morphological Parameters on the Potential of Solar Energy Utilization

By evaluating the solar energy potential of buildings in 47 sample instances across

five types of samples, the photovoltaic generation capacity of each sample neighborhood is

the influence of different spatial morphology parameters on

obtained. Building upon this,

the photovoltaic generation capacity of building facades in old communities is investigated.

Figure 12 shows the scatterplot between building facades and photovoltaic generation

capacity. It can be seen that in the fitting equations of the morphological control parameters

floor area ratio (FAR), volume-area ratio (VA), and building density (BD), the R? values
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are all greater than 0.50, specifically 0.62, 0.58, and 0.61, respectively. Most of the scatter
points are distributed near the fitting line, indicating a strong negative correlation between
FAR, VA, BD, and facade photovoltaic generation capacity. As FAR, VA, and BD increase,
the overall density of the old communities also increases, leading to less solar radiation
available for building facades within the community, and thus poorer facade photovoltaic
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Figure 12. Scatter plot of 10 morphology parameters vs. facade PV capacity.

60

Similarly, in the fitting equations for open space ratio (OS) and shape factor (SF), the

R? values are both greater than 0.50, specifically 0.61 and 0.52, and most of the scatter points

are distributed near the fitting line. This indicates a strong positive correlation between
OS, SF, and facade photovoltaic generation capacity. As OS and SF increase, the overall
density of the old communities also increases, leading to more solar radiation available for

building facades within the community and thus stronger facade photovoltaic generation

capacity. However, in the fitting equations for roof-facade area ratio (RF), height-to-length
Ratio (HLR), and sky view factor (SVF), the R? values are all less than 0.50, specifically 0.36,
0.45, and 0.27, indicating a poor fit and suggesting that RF, HLR, and SVF have a lower
correlation with the facade photovoltaic generation capacity of old communities.

Upon deeper consideration, it is evident that the roof-to-facade area ratio (RF) mainly
affects the allocation of photovoltaic installation surfaces but has limited impact on radiation
reception. The building height-to-length ratio (HLR) only reflects the building’s shape and
is not directly related to external shading. Although the sky view factor (SVF) quantifies
shading, the generally high density of old neighborhoods results in small SVF differences,
weakening its relevance. Therefore, these three factors have weak explanatory power for
facade photovoltaic power generation capacity, while parameters such as floor area ratio

and building density better reflect the group shading effect.

Table 4 presents the correlation coefficient (R2) and Sig (two-tailed) values for the

correlation between eight spatial morphology parameters and the facade Photovoltaic
Generation Index (PVGI). Through analysis, it is observed that the parameters with the
strongest correlation to PVGI are floor area ratio (FAR), building density (BD), and open
space ratio (OS), with correlations of —0.785, —0.783, and 0.783, respectively. Closely
following are volume-area ratio (VA), shape factor (SF), and building height-to-length ratio
(HLR), with correlations of —0.761, 0.724, and —0.67, respectively. The roof-to-facade area
ratio (RF) and skyline view factor (SVF) exhibit the lowest correlations, with values of
—0.601 and 0.52, respectively. Among these parameters, floor area ratio (FAR), building
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density (BD), volume-area ratio (VA), and roof-to-facade area ratio (RF) have a negative
correlation with PVGI, while open space ratio (OS), shape factor (SF), and skyline view
factor (SVF) have a positive correlation.

Table 4. Regression results of solar energy utilization capacity of spatial form parameter facade.

Spatial Morphology Parameters Pearson’s Correlation Coefficient Sig. (Two-Tailed) R?
Floor Area Ratio (FAR) —0.785 ** 0.00 0.62
Building Density (BD) —0.783 ** 0.00 0.61
Open Space Ratio (OS) 0.783 ** 0.00 0.61

Volume-Area Ratio (VA) —0.761 ** 0.00 0.58

Shape Factor (SF) 0.724 ** 0.00 0.52
Roof-To-Facade Area Ratio (RF) —0.601 ** 0.00 0.36
Building Height-To-Length Ratio (HLR) —0.670 ** 0.00 0.45
Skyline View Factor (SVF) 0.520 ** 0.00 0.27

**. The correlation is significant at the 0.01 level (two-tailed).

Figure 13 shows the correlation matrix heatmap of eight spatial morphology param-
eters and the facade PVGI. All spatial morphology parameters exhibit a certain level of
correlation with PVGI and therefore can be used as independent variables for construct-
ing a multiple linear model. Through linear regression analysis, it is found that the VIF
coefficients for FAR and VA are 35.668 and 36.765, respectively. The high correlation be-
tween these variables may increase the variance of the parameter estimates in the equation,
making the prediction results meaningless. Therefore, the study will use the remain-
ing six spatial morphology parameters as independent variables for the multiple linear
regression analysis.

FAR BD (0N}

Figure 13. Heat map for correlation analysis.
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4.2. Multiple Linear Regression Models for Predicting Solar Energy Utilization Potential

The correlation between individual spatial morphology parameters and the Pho-
tovoltaic Generation Index (PVGI) of building facades was calculated using correlation
analysis. However, this method does not determine the comprehensive impact of multiple
spatial morphology parameters on the PVGI of facades. To address this issue, this study
selected six spatial morphology parameters, namely building density (BD), open space
ratio (OS), shape factor (SF), roof-to-facade area ratio (RF), skyline view factor (SVF), and
building height-to-length ratio (HLR). Multiple linear regression analysis was performed
based on correlation analysis, employing the stepwise selection method to retain the most
significant spatial morphology parameters.

Based on the model fitting degree in Table 5 and the multiple linear regression results
in Table 6, it can be concluded that for all samples, BD (building density), SF (shape factor),
and HLR (building height-to-length ratio) have the most significant combined impact on
the facade PVGI (Photovoltaic Generation Index). The model’s R? is 0.809, indicating that
80.9% of the variance in the dependent variable can be explained by the independent
variables, demonstrating a good fit. The adjusted R? is 0.796, which considers the number
of independent variables in the model and adjusts the value of R? accordingly based on
degrees of freedom. The Durbin-Watson value is 1.801, indicating that the error terms
are independent. The VIF values for the three independent variables, BD, SF, and HLR,
are all less than 5, indicating the absence of multicollinearity issues. BD and HLR have
a negative correlation with PVGI, while SF has a positive correlation with PVGI, with
coefficients of —28.001, —0.490, and 37.588, respectively. An increase of 1 unit in BD
would decrease PVGI by 28.00 kWh/ m2/ year, an increase of 1 unit in HLR would decrease
PVGI by 0.49 kWh/m? /year, and an increase of 0.1 units in SF would increase PVGI by
37.59 kWh/m? /year. When parameters are sorted based on standardized coefficients (beta
values), BD (—0.535) has the most significant impact, followed by SF (—0.383), and HLR
(—0.176). The PVGI for building facades can be calculated using Formula (8).

Y = 20.307 — 28.001 x BD + 37.588 x SF — 0.490 x HLR (8)

Table 5. Degree of model fit.

Model R? After Adjusting R? Errors in Standard Estimates Durbin Watson
1 0.900 2 0.809 0.796 1.6014 1.801
2. Predictor variable: (constant), HLR, BD, SF; Implicit variable: PVGI.
Table 6. Results of multiple linear regression analysis.
Unstandardized Factors Standardized Factor Covariance Statistics
Model B Standard Errors Beta ! Significance Tolerances VIF
(Constant) 20.307 3.215 6.317 0.000

1 BD —28.001 3.995 —0.535 —7.009 0.000 0.762 1.312
SF 37.588 8.740 0.383 4.301 0.000 0.560 1.786
HLR —0.490 0.254 —0.176 —1.929 0.060 0.535 1.870

Implicit variable: PVGI.

After determining the regression equation, data from 12 old residential communities
in Jinan City were selected to validate its effectiveness. This dataset includes six slab block,
three enclosed block, and three tower block samples, as shown in Figure 14. The average
error between the measured values obtained through on-site measurements of the sample
facades and the predicted values from numerical simulations is 6.02%, indicating that
the prediction model is relatively accurate. This study provides valuable references for
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investigating the relationship between spatial form parameters and solar energy potential
in old residential communities in cold regions.

PV Generation Capacity of facade ( kwh/m?/y)
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Figure 14. Comparison between measured and predicted values of facade photovoltaic generation capacity.

According to the research by Zheng, F. [21] on carbon emissions in old residential
communities in cold regions, the average carbon emissions per unit area for various types of
old urban residential communities in Jinan, a cold region, is 76 KgCO,/m?/y. The average
solar energy utilization potential of the research samples in this study is 35.12 kWh/m? /y.
If photovoltaic panels are installed on both the building roofs and facades, it could reduce
the carbon emissions of old residential buildings in cold regions by 47% per year.

4.3. Perspectives

Currently, the urban built environment is becoming increasingly complex, which has
prompted scholars to broaden their research focus from the previous limited scope of
decarbonization strategies solely related to rooftop photovoltaics to examine the impact of
different spatial forms on the potential for solar energy utilization. This expansion holds
significant practical significance, particularly in Chinese cities where many old communities
face challenges related to high energy consumption and carbon emissions. It provides a
viable pathway for carbon reduction and emission reduction efforts in cities. The validation
results of this study demonstrate a strong correlation between the spatial form of old
communities in urban areas and the potential for solar energy utilization in buildings. This
correlation provides robust support for urban sustainable development efforts. Within
these old communities, there exists tremendous potential for the utilization of solar energy
in buildings. This not only helps alleviate the carbon emission pressure on cities but also
provides clean energy for residents, reduces reliance on traditional energy sources, ensures
the sustainability of energy supply, and enhances the quality of life. Therefore, the practical
significance of this study lies in emphasizing the effective pathway of utilizing building-
integrated solar energy in old communities as a means of reducing carbon emissions,
particularly in cold regions. Based on the predictive model established in this research,
which correlates spatial form parameters with solar energy utilization potential, cities can
enhance sustainable urban development by improving building structures and integrating
solar energy facilities within these communities. This approach can effectively reduce
carbon emissions, enhance energy efficiency, and mitigate dependency on traditional
energy sources. Furthermore, this research provides new insights for urban planning
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and development aimed at achieving more environmentally friendly and energy-efficient
urban development goals. By promoting the findings of this research, cities can advance
the utilization of renewable energy on a global scale, thereby reducing greenhouse gas
emissions and contributing to solutions for climate change challenges.

5. Conclusions

This study investigated the relationship between the spatial form of old residential
communities and the potential for solar energy utilization in cold regions of China from
a typological perspective. It quantitatively analyzed the impact of spatial morphology
parameters on the solar energy potential of old communities in Jinan, a cold region city, and
discussed the distribution of solar energy utilization potential across different typologies
of old residential areas. This study integrated three steps, including modeling, solar
radiation simulation, solar potential calculation, and data analysis and visualization, using
a customized workflow. The study evaluated the solar potential of 47 old communities
using eight morphological parameters and analyzed the photovoltaic installation ratio, total
photovoltaic utilization, and distribution patterns across different types of old communities.
Based on the research, the following conclusions were drawn:

The photovoltaic utilization potential is highest in tower block and mixed block com-
munities. This study shows that the average PVGI values for tower block and mixed block
community samples are higher, at 40.24 kWh/ m2/ y and 35.87 kWh/ m?2/ y, respectively,
while the average PVGI value for the slope roof block community sample is lower, at
28.57 kWh/m?2/ y. Therefore, future photovoltaic optimization strategies should focus on
tower block and mixed block old communities, prioritizing the development of building-
integrated photovoltaic (BIPV) systems for facades, along with supportive incentive policies
to promote large-scale applications, in order to maximize solar energy collection efficiency
and provide replicable technical pathways for urban low-carbon renewal.

Floor area ratio (FAR), building density (BD), and open space ratio (OS) have a higher
impact on the photovoltaic power generation capacity of the old communities. This
study performs a linear regression analysis of eight spatial form parameters and facade
photovoltaic power generation capacity. The regression results indicate that the parameters
most strongly correlated with facade photovoltaic power generation capacity are the floor
area ratio, building density, and open space ratio, with correlation coefficients of —0.785,
—0.783, and 0.783, respectively. In the future, key spatial form parameters such as floor
area ratio, building density, and open space ratio should be optimized to scientifically
plan the spatial layout of old residential communities, reduce shading between buildings,
and improve solar radiation reception efficiency, thereby systematically enhancing the
photovoltaic power generation potential and carbon reduction benefits of old communities.

The results obtained from this study can be used to assess the potential of photovoltaic
power generation in cold regions based on existing data. The workflow and methods
developed can serve as a reference for evaluating the photovoltaic power generation ca-
pacity of existing urban old communities in other climatic regions to determine the most
effective building solar utilization designs and guidance according to the local environ-
ment. The study results also provide insights for the public and decision-makers in city
administration to improve their awareness of clean energy and implement renewable
energy-friendly policies.

This study still has several limitations that need to be addressed and improved in
future research. The research focuses on old residential communities in Jinan, but the
number of enclosed and pitched-roof old communities in Jinan is limited, which results in a
relatively small sample size. Expanding the scope of the study to obtain more data samples
would undoubtedly significantly enhance the practical value of the research. On the
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other hand, this study draws on relevant literature and practical experience to select eight
spatial form parameters, including floor area ratio and building density, and constructs a
database of factors influencing the spatial form of old residential communities. Although
the selected parameters are somewhat representative, they are not comprehensive enough.
Future research could consider incorporating additional parameters, such as community
orientation and building coverage ratio, to enrich the factor database.
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