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Abstract: Photovoltaic (PV) power generation is emerging as a key aspect of the global shift towards
a more sustainable energy mix. Nevertheless, existing assessment models predominantly concentrate
on predicting the overall capacity of PV power generation, often neglecting temporal dynamics.
Drawing upon the urban energy substitution rate, utilization rate, and power supply stability, this
study has devised a comprehensive evaluation model for the utilization of distributed photovoltaic
systems (SUS). This model integrates the quantification of spatio-temporal features inherent in urban
settings and buildings. Using Hohhot city as a case study, this study conducted simulations to analyze
how the installation of PV systems affects the electricity consumption patterns across different land
plots within the urban core. The study additionally examines how urban planning influences the
adoption of PV power, taking into account both the timing of PV power usage and the stage of
PV technology development. The evaluation model surpasses the constraints of current urban PV
assessments, which primarily emphasize enhancing power generation potential without adequately
quantifying supply–demand dynamics or spatial and temporal variations. This breakthrough signifi-
cantly improves the precision and reliability of assessing the efficiency of distributed PV systems. Its
implications extend widely to subsequent comprehensive evaluations of urban PV applications.

Keywords: distributed photovoltaic; evaluation model; sustainable energy; quantitative analysis

1. Introduction

Today, 80% of the world’s GDP comes from 2% of the world’s cities, but they consume
nearly 75% of the world’s resources [1]. Renewable energy has become a crucial issue
that must be addressed in the national development process, as energy security is directly
linked to economic growth [2,3].

As of 2018, the total global installed PV capacity has grown to 480 GW (from only
1 MW in 1979), accounting for approximately 2% of global energy consumption [4]. This
demonstrates a rapid development trend. In the future, until 2050, PV power generation
will continue to drive the structural transformation of renewable energy worldwide due
to its abundant resource availability, substantial market potential, and cost competitive-
ness [5]. One of the most important forms of photovoltaic power generation is distributed
photovoltaic power generation, which involves installing photovoltaic modules on the
surfaces of buildings in cities to generate electricity [6].

However, regarding distributed photovoltaics in urban built-up areas, energy spatial
planning and urban planning will both play crucial limiting roles [7]. The current indica-
tors focus on enhancing the production potential of generation, but there are significant
shortcomings in considering the energy supply-and-demand relationship, as well as spatial
and temporal variations.

In the past, the assessment of urban PV potential focused on the installable area for
PV systems and the power generation capacity in different urban areas. Firstly, evaluation
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indicators should be established. At present, several common evaluation indicators or
standards are shown in Table 1. However, the established research indicators are rela-
tively single, only consider the total amount of power generation/total amount of power
consumption, ignoring the temporal sequence of PV power consumption and the stage
of development.

Table 1. Main application indicators of current urban PV potential assessment work.

Indicators Definition of Indicator Index Source

PV area per capita Area PV available roof area/area total population IEA-PVPS [8]

Per capita installed PV capacity Total installed PV capacity/total population of
the region Izquierdo, S. [9]

SAFARn
Photovoltaic available area on building exterior

surface/building area Jouri, K. [10]

Photovoltaic permeability Regional total installed PV capacity/regional
peak load Zhao, B., Xiao, C.H., et al. [11]

PV cost/PV utilization
Regional photovoltaic installation cost and

electricity sales revenue by weight
comprehensive comparison

Cheng, M., Zhao, S.H., et al. [12]

Solar energy grading factor Area available for photovoltaic power
generation/area of land use Sigrid Lindner of Ecofys [13]

RPVID Area of photovoltaic available on the regional
roof/area of land use Zhang, H. [14]

In addition to the relevant indicators, the methodology for potential assessment is at
the core of the research. The urban PV potential is usually assessed by giving a percentage of
the building surface that is suitable for urban PV development (usually the roof utilization
factor). In terms of the scope of the assessment, calculations are conducted for specific
building types. For instance, Enongene et al. analyzed and modeled typical buildings to
calculate the PV potential of urban areas in Nigeria [15]. There are also projections on a
national scale. For example, Rosas-Flores et al. assessed the energy potential of Mexican
city pools and rural households through large-scale grid-connected and interconnected
PV systems [16]. Bodis et al. assessed the potential PV power generation for the entire
European Union, estimating 680 TWh per year [17]. In terms of assessment calculation
methods, accurate quantitative studies incorporating GIS systems have also been used by
an increasing number of scholars for assessing urban PV potential [18–21]. Alaa Alhamwi
et al. proposed the establishment of a GIS open-source platform for optimizing urban
distributed energy systems [22]. Mariela Tapia et al. utilized GIS and associated building
feature extraction algorithms to evaluate rooftop solar PV potential in various cities in
Ecuador [23]. Jiang Liu et al. combined 3D building data with GIS to accurately assess the
solar PV potential of rural roofs and facades [24]. Most of these potential assessment studies
focus on a city scale or specific building types to maintain the high accuracy provided
by the aforementioned methods. There are also uncertain predictions for intricate cities,
such as the study by Diana Bernasconi and Giorgio Guariso on surface quantities and the
potential of rooftop PV in complex cities. This study utilized morphological clustering
methods instead of relying on remote sensing data for large-scale studies [25].

Most of the previous studies on PV potential have focused on estimating the capacity
of PV power generation by predicting the ratio of PV power production to the current
urban electricity consumption. However, the discussion focusing on the theoretical increase
in the total power generated has also contributed to overly optimistic expectations. On
the one hand, PV power output is greatly influenced by environmental factors. Without
considering the impact of specific climatic conditions such as clouds and rain, PV power
output typically peaks at midday and follows a clear normal distribution. As the primary
source of urban energy consumption, the pattern of electricity load change is associated
with users’ behavioral characteristics and exhibits variations based on the diverse functions
of buildings. The two do not always show a similar trend of change due to the simultaneity
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of power output and consumption behavior. The excess PV power output cannot be
effectively consumed immediately.

The primary solution to this problem is to depend on different energy storage tech-
nologies to maintain the balance between system supply and demand, thereby enhancing
its overall stability. However, due to cost constraints, energy storage facilities cannot be
widely used for commercial purposes in urban areas. This creates a significant technological
bottleneck that hinders the utilization of photovoltaics [26]. The excess PV power can be
transferred to other urban areas through grid-connected methods. However, in the future,
when the city relies on PV energy as the primary source of electricity, the excess power
cannot be transferred and consumed within the city. Therefore, it is necessary to propose
a dynamic indicator to introduce the concept of PV consumption timing. This indicator,
known as the PV Utilization Assessment Method (SUS), is based on the energy substitution
rate, PV utilization rate, and PV utilization stability. It aims to comprehensively reflect the
current status of PV application and integration in all regions of the city.

2. Materials and Methods
2.1. Research Materials

In the research of distributed PV in urban built-up areas, we selected the central city
of Hohhot as the primary research object (Figure 1). Hohhot is classified as a second-tier
region for solar energy sunshine resources in China, indicating better potential for PV
development. It is considered a priority region for large-scale PV installations in the future.
At the same time, Hohhot’s three types of industrial structure ratios are very similar to
those of China, and its urban function ratio can reflect the characteristics of China’s urban
economic development.
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Figure 1. Location of the study area. (The map of China (left) was provided by Ministry of Natural
Resources of China (Approval number: GS(2019)1673)).

Hohhot city in Inner Mongolia is located between 110◦46′–112◦10′ E and 40◦51′–41◦8′ N.
It belongs to the primary solar resource distribution area of China. The total annual solar
radiation is 6241.19 MJ/m2 (about 1734 kWh/m2), and the effective sunshine time is
2599.7 h. This indicates promising prospects for PV development. Meanwhile, in terms of
electricity consumption load in Hohhot, the total area of various types of construction land
reached 329,554,000 square meters. The entire society in Hohhot used 33,084,270,000 kWh
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of electricity in 2022. The city mentioned above has a high electricity demand, coupled
with abundant sunshine energy, that holds great potential for development [27].

The information on the urban built-up area of Hohhot was obtained from the planning
data and relevant policies and regulations of the relevant departments. The building load
information was calculated and summarized based on the meter readings provided by the
state power department. In addition, all relevant data, including the comparison of photo-
voltaic technology characteristics, the land-cover status of centralized photovoltaic land,
the data on protected areas and global sunshine radiation, the distribution of population
density, per capita electricity consumption, meteorological data, and other information,
were sourced from open data provided by countries and various global organizations.

2.2. Research Methods
2.2.1. Formulate SUS PV Potential Assessment Indicators
Energy Substitution Rate

The concept of energy substitution rate (ESR) considers the time sequence and actual
situation of photovoltaic electricity consumption to reflect the degree of substitution of
renewable energy for traditional electricity consumption. It measures the degree of sponta-
neous self-use after the integrated application of photovoltaic systems in various urban
areas. Specifically, it can be divided into the overall energy substitution rate (ESR) and the
hourly energy substitution rate (ESRi) of regional plots, as shown in Equations (1) and (2).

The hourly energy substitution rate (ESRi) is as follows:

ESRi =
Pei

Loadi
(1)

The overall energy substitution rate (ESR) is as follows:

ESR =
∑n

i Pei

∑n
i Loadi

(2)

ESRi is the hourly energy substitution rate of a block area in the city at the ith time. ESR is
the overall energy substitution rate in the period from 0 to 23 points in a certain area of the
city. Pei (kWh) is the consumption of photovoltaic power produced by a block in a city at
the ith time. Loadi (kWh) is the electricity consumption load at the ith moment of a block
in a city. PVi (kWh) is the photovoltaic power generation at the ith moment of a block in
a city.

Photovoltaic Utilization Rate (PUR)

In addition to considering the replacement degree of traditional energy sources, the
daily load curve patterns in various urban areas will change according to the different
building functions (residential, office, commercial, etc.). In this paper, the photovoltaic
utilization rate [28] (PUR, PV utilization ratio) is a supplement to the PV utilization ratio
index (ESR), which is defined as the ratio of actual available photovoltaic power generation
to the maximum allowable power generation under theoretical conditions within a specific
operating period.

PUR =
∑n

i Pei

C·T (3)

PUR is the photovoltaic utilization rate of a certain area in the city. C (kWh) is the
installed photovoltaic capacity of a certain area in the city. T (h) is the theoretical working
hours of PV module in a certain area of the city.

Standard Deviation of Hourly Replacement Rate

Photovoltaic power generation technology is significantly influenced by climate
change factors. The stability of power supply output exhibits considerable volatility with
changes in weather and time. This instability is evident in the variation of the photovoltaic
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daily hourly replacement rate (ESRi) over time. In this study, the standard deviation (Stdev)
of the hourly PV replacement rate was used to reflect the power supply stability of each
urban parcel after PV application, as shown in Formula (4):

Stdev =

√
1
n
·

n

∑
i
(ESRi − Ri)

2 (4)

Stdev is the standard deviation of the hourly PV replacement rate. Ri is the arithmetic
average of daily hourly PV replacement rate. n is the number of power generation hours
during the photovoltaic available period of the plot.

2.2.2. SUS PV Potential Assessment Model

The PV potential assessment of SUS mainly includes four steps: basic data collection,
data processing, SUS index, and formulation of regional planning and adjustment strategies.

The basic data collection part includes load information data such as, daily load rate
curves of various buildings and their peak load densities; urban model information data
such as, the building floor area ratio, building density, and functional ratio of each building;
and meteorological information data such as, annual sunshine hours and annual hourly
sunshine radiation intensity.

Firstly, the corresponding hourly load and hourly power generation of each block
are calculated. Based on this data, the ESR, PUR, and Stdev indexes of each block are
calculated, respectively.

Finally, through the classification and analysis of the three indicators, the priority of
photovoltaic development in each region is evaluated. In this way, it can be determined
which land parcel’s functional form is more suitable for the future energy structure transfor-
mation. Then, the location layout and urban planning can be adjusted for the unfavorable
areas of photovoltaic development to optimize the overall utilization of photovoltaics in
the city (Figure 2).
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2.2.3. Urban Basic Form Calculation

Based on the overall urban plan and zoning regulations of Hohhot City for 2020–2030,
this paper examines the three indices of building function, building density, and floor area
ratio for each block within the designated planning area.

Building Volume Rate for a Certain Area

The basic data was provided by the Hohhot Urban and Rural Planning and Design
Institute. The overall plan (2020–2030) includes vector information such as land use
boundaries, land use characteristics, and road network planning for various areas. The
zoning plan includes Huhhot Hui District, Saihan District, Xincheng District, and Yuquan
District. The controlled range of land use intensity (plot ratio) is as follows: A plot ratio
>4.5, B plot ratio 3.5–4.5, C plot ratio 2.0–3.4, and D plot ratio <2.0 (Figure 3).
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Figure 3. Plot ratio simulation results of each block. Source: Drawn by the author. Building density
of a certain area.

Building density (BD) refers to the ratio between the total base area of a building and
the land area of a plot within a certain range. It is an important indicator that reflects the
building form information of different blocks. Since it is still in the planning stage, this
paper adopts a calculation method for building density based on the characteristics of a
typical urban plot layout. The building density of each block can be roughly calculated by
Equation (5):

BD′ = (1 − G − R − S − P)× 100% (5)

BD′ means the preliminary estimated building density of a certain block. G is the green
land rate of a place. R is the land use rate of a block of roads. S is the rate of supporting
public construction land for a residential parcel. P is the percentage of ground parking land
in a certain area.

Draw up the Number of Building Floors and Adjust Building Density

According to Equations (4) and (5), the building density (BD′) of each block can be
preliminarily estimated. At the same time, according to the relationship between floor area
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ratio and building density, the average floor number (F′) of each block building can be
further calculated. To facilitate further prediction and analysis, we assume that buildings
in each given land parcel have the same number of building floors and in turn adjust the
preliminary calculated building density (BD′) results for each parcel. Finally, the proposed
building density (BD) and the number of building floors (F) of each block can be used for
calculation. The calculation process is shown in Equations (6)–(8).

f′ =
FAR
BD′ (6)

f = roundup
(
f′ + 0.5

)
(7)

BD =
FAR

f
(8)

FAR is the volume ratio of a certain area. F′ means the average number of building floors
preliminarily calculated for a certain block. BD′ is the building density preliminarily
calculated for a certain block. f is the proposed number of building floors after adjustment
of a certain block and is the result of f′ rounded up. BD is the proposed building density
after the adjustment of a place block.

2.2.4. Calculation of Available PV Area
Available Rooftop PV Area

The rooftops of various buildings in the city are the primary locations for photovoltaic
applications. For specific buildings, the available roof area can be determined through
software simulation or manual screening. However, for a large range of urban areas,
it is usually calculated by the rooftop photovoltaic utilization coefficient (Kr). The roof
utilization coefficient refers to the research results of Zhang Hua in 2017 (Table 2). The
available area of rooftop PV (Sr) of each building block can be calculated by Equation (9).

Sr = BD × A × Kr (9)

Sr (m2) is the available rooftop photovoltaic area of a block building. A (m2) is the land
area of a certain place. Kr is the rooftop photovoltaic utilization coefficient corresponding
to a block type.

Table 2. PV roof utilization factor at a glance and the values taken in this paper [29].

Land Use Category City Discount
Rate

Neighborhood
Discount Rate

Monomeric
Discount Rate

Rooftop PV
Utilization Factor

(Kr)

Mean
Value (Kr)

Values

Residential
buildings

Low-rise residential area 1 1 0.3–0.5 0.3–0.5 0.4
Multi-story residential area 0.85–1 0.95–0.98 0.55–0.7 0.44–0.69 0.57
High-rise residential area 0.9–1 0.7–0.95 0.4–0.6 0.25–0.57 0.41

Multi-story public buildings 1 1 0.7–0.85 0.7–0.85 0.78
High-rise public buildings 0.85–1 0.51–0.8 0.5–0.7 0.22–0.56 0.39

Single/low-rise industrial buildings 1 1 0.8–0.9 0.8–0.9 0.85

Assessment of Photos

According to the layout characteristics of general urban buildings, each block area can
be divided into two layout modes, multi-block layout and single-family/tower layout, to
simplify the complex changes in urban building forms, as shown in Figure 4. Among them,
the former is applicable to the general land use properties such as low multi-story/small
high-rise buildings with an average building level (F) below 10, while the latter is applicable
to land use properties of individual buildings such as commercial buildings, wholesale
markets, and high-rise tower layouts with an average building level (F) above 10.
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Figure 4. Simplified urban plot layout: Multi-block layout (left), tower layout (middle), single-family
layout (right). Source: Drawn by the author.

The azimuth angle of the layout of each block is oriented towards the south to ensure
that the south facade can receive maximum solar radiation. When each block has the same
land use property, if multiple buildings are arranged in a row, each building has the same
building depth (T). For energy conservation, single-family/tower layout buildings have
the same building depth (T) and face width (L) to minimize their building size factor [30].
The values of general depth (T) and height (H) of reference buildings are determined from
relevant codes, design regulations, and design experience values (Table 3). The area of
the south facade of each block in the city can be roughly and statistically evaluated using
Equations (10) and (11).

Table 3. In this paper, the depth (T) and height (h) of each type of building are taken from [31–33].

Nature of Land Use Site Code Floor Height h (m) Average Depth of Entry T (m)

Administrative office land A1 3.9 16
Cultural facilities land A2 4.2 16

Educational and research land A3 3.9 18
Primary school land A33 3 10

Medical and health land A5 3 24
Social welfare land A6 3.6 16

Retail commercial land B11 4.5 Single building layout T = L

Mixed commercial/hotel land B11/B14 3.9 20
Mixed commercial/office land B11/B2 3.9 16

Wholesale market land B12 4.5 Single building layout T = L
Hotel land B14 3.9 20

Business office land B2 3.9 16
Recreation and sports land B3 4.5 Single building layout T = L
Public utility business land B4 3.9 18
Other service facilities land B9 3.9 18

Industrial land M1 6 Single building layout T = L
Residential land R 3 15

Residential/commercial land R/B11 3.2 15
Comprehensive transportation hub land S3 4.5 Single building layout T = L

Storage and logistics land W 6 Single building layout T = L

Statistics for the area of the south facade of multiple townhouses are calculated
as follows:

Sn = f·h·Ar
T

(10)

Statistics for the area of the south facade of a single-family/tower layout are calculated
as follows:

Sn = f·h·
√

Ar (11)

Sn (m2) is the statistical value of the south elevation area of a block. f is the number of
proposed building floors for a certain block. h (m) is the general building height selected
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according to the nature of land. Ar (m2) is the roof area/floor area. T (m) is the general
building depth selected according to the nature of land use.

Describe the window reduction coefficient (Kf) of the facade and the shadow reduction
coefficient (Ks) of the facade. That is, the photovoltaic available area (Sf) of the south facade
of each block can be expressed as follows:

Sf = Sn·Kf·Ks (12)

For the value of Kf, we ignored the influence of shadow occlusion caused by the
changes in the concave and convex shape of building facades, such as shading and projec-
tion, and calculated it only with the area ratio of window to wall (100%—window–wall area
ratio). In combination with relevant codes [34], the value of Kf can be set as 0.55 for general
buildings and as 1 for commercial buildings (B11). However, for general commercial build-
ing plots (B11) or mixed plots including commercial functions (B11/B14, B11/B2, R/B11),
the first 1–2 floors of commercial building parts are usually not suitable for photovoltaic
module installation due to their extremely high commercial value and should be excluded
in the assessment of photovoltaic available facade area. In other words, the value of the
proposed building floor (F) in each commercial and mixed parcel containing commerce in
Equations (10) and (11) shall be considered by subtracting 1–2 floors.

As for the value of Ks, according to the standard, the sunshine duration of 6 h during
the winter solstice should be guaranteed [35]. Therefore, in this paper, the elevation shadow
reduction coefficient (Ks) of the multi-block layout was calculated at the most unfavorable
time point (9:00 a.m. on the winter solstice). As shown in Figure 5, the ratio of photovoltaic
available facade area to facade area (Ks) can be expressed as AB/AC and can also be
expressed as C′c/C′o, according to the similar triangle theorem. The detailed calculation
process is shown in Equations (13)–(16).
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Figure 5. Calculation of the shadow reduction coefficient Ks of the multi-block layout facade. Source:
Drawn by the author.

The Ks calculation process of multi-building row layout is determined as follows [35]:

Ks =
AB
AC

=
A′B′

A′C′ =
B′B
C′O

=
C′C
C′O

(13)

C′C =
CD

cos(180◦ − δ)
=

L0·h·f
cos(180◦ − δ)

(14)

C′O =
A′C′

tanθ
=

h·f
tanθ

(15)

By substituting Equations (14) and (15) into Equation (13), we can get the following:

Ks =
L0·tanθ

cos(180◦ − δ)
(16)
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Ks is the shadow reduction coefficient of the south-central facade of a multi-block layout.
L0 is the reference sunshine spacing coefficient. h (m) is the general building height selected
according to the nature of the land. f is the number of proposed building floors. δ means the
azimuth angle of the sun at a certain time. θ is the height angle of the sun at a certain time.

At the same time, it is known that the sunshine spacing coefficient (L0) of Hohhot City
is 1.73 (2 h on a major cold day) [36], the sun azimuth angle (δ) is 138.19◦ at 9:00 a.m. on the
winter solstice, and the sun altitude angle (θ) is 13.34◦ (calculated according to the method
in the literature [37]). By substituting Equations (5)–(15), we can calculate that the value of
the facade shadow reduction coefficient (Ks) for the multi-building row layout in Hohhot
is 0.55.

Assessment of Photovoltaic Available Area of a Parking Lot Surface

Approximately 10% of the land area of the parking lot and 20% of the canopy area
cannot be utilized for photovoltaic installation. Finally, the available photovoltaic area of
various parking lots can be expressed by Equation (17). The calculation results are shown
in Figure 6.

St = 0.72·A·P (17)

St (m2) is photovoltaic available area of a parking lot. P is the rate of ground parking land,
assuming that the social parking lot and bus station are 100%.
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area). Source: Drawn by the author.

2.2.5. Evaluation of Hourly Photovoltaic Power Generation

Under the condition that the available PV area of each block in the city is known, we
can evaluate and calculate the hourly electricity production of each area. Considering the
feasibility of urban distributed photovoltaic installations in the future, this paper selects
a relatively common and cost-effective polysilicon solar cell module (with an average
photoelectric conversion efficiency of about 16%) for calculation. It is also assumed that
the roofs, facades, and ground parking areas of block buildings around the city are all
installed with a relatively common tilt, and photovoltaic applications are carried out in a
south-facing arrangement. The optimal tilt angle (β) of a photovoltaic installation is 37.78◦

(latitude 40.78◦ for Hohhot) according to the relevant provisions of the grid connection
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system. This is calculated by subtracting 3 from the local latitude, as specified in the design
specification of a photovoltaic power station.

In terms of statistical capacity per unit area (Cp) [38], we consulted the relevant
specification for horizontal photovoltaic installations (roofs, various ground parking areas)
and photovoltaic facade installations. We selected two distinct points in time during the
year that represent the most unfavorable conditions to assess the spacing of photovoltaic
modules, photovoltaic coverage, and capacity per unit area for each installation type.

The statistics of installed capacity per unit area can be calculated by determining the
ratio between the projected area of PV modules and the available area of PV, that is, the
PV coverage rate (Pr). This paper briefly describes the indicator as the ratio between the
PV module projection length and the PV array spacing, as illustrated in Figures 7 and 8.
The PV coverage of the horizontal plane and elevation can be calculated by referring
to Equations (13)–(16). After substituting the local parameters in Hohhot, (at 9:00 on the
winter solstice, the sun’s altitude angle θ = 13.34◦ and the sun’s azimuth angle δ = 138.19◦;
at 12:00 on the summer solstice, the solar altitude angle θ = 72.62◦, and the solar azimuth
angle δ = 180◦), it can be determined that the photovoltaic coverage rate of the horizontal
plane is 75.4% and the photovoltaic coverage rate of the facade is 19.5%. According to
Equations (18) and (19), the installed capacity per unit area of the horizontal plane (Cph)
in Hohhot is 158 W/m2, and the installed capacity per unit area of the facade (Cpv) is
53 W/m2.
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The installed capacity per unit area of the horizontal plane is as follows [35]:

Cph =
Pw·Pr

Ap·cosβ
(18)

The installed capacity per unit area of facade plane is determined by the following:

Cpv =
Pw·Pr

Ap·sinβ
(19)

Cph (W/m2) is the estimated installed capacity per unit area of the horizontal plane of
the proposed area. Cpv (W/m2) is the estimated installed capacity per unit area of the
proposed area facade. Pw (Wp) means the peak power (rated power) of the selected PV
module. Pr is the PV coverage rate of the PV module installation area. Ap (m2) is the area
of the selected PV module. β is the best angle selected for photovoltaic module installation
(37.78◦ in Hohhot).

3. Results and Discussion
3.1. Hourly Electricity Generation Calculation

After determining the installed capacity per unit area of the horizontal plane and
facade, we can proceed to calculate the hourly power generation per unit area of photo-
voltaic panels. Firstly, the hourly meteorological forecast data for Hohhot City from 0:00
on 1 January 2019 to 23:00 on 31 December 2019 was selected from EnergyPlus. Then,
we combined the SAM (System Advisor Model) PV Model analysis software (2015.1.30)
provided by the United States National Renewable Energy Laboratory (NREL) to analyze
the variation in hourly PV output power per unit area on the horizontal plane and facade
in Hohhot city throughout the year (Figure 9).
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Figure 9. Annual hourly PV output per unit area of horizontal plane and facade of Hohhot. Source:
exported by the author according to the analysis result of SAM.

The results indicate that the overall variation throughout the year remains stable,
with a slight increase in photovoltaic electricity production observed during the periods
from March to May and September to November. By utilizing SPSS software (26.0), we
conducted k-means cluster analysis on the hourly PV output per unit area of Hohhot
City throughout the year on a daily basis. This analysis helped us categorize the days
with similar characteristics in terms of hourly PV output fluctuations. With this clustering
(K = 10), we obtained a 10-category clustering result (as shown in Figure 10, arranged in
descending order of occurrence days).
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Figure 10. Classification results of annual hourly photovoltaic output changes per unit area of
horizontal plane (clustering center). Source: Drawn by the author.

Categories 5, 6, 8, 3, and 7 are heavily affected by weather factors such as overcast
rain, and their hourly photovoltaic power generation decreases in different periods. On
the other hand, categories 2, 1, 9, 4, and 10 represent typical hourly photovoltaic power
generation conditions on sunny days, with power generation being less affected by the
weather. The average value of PV power output per unit area at each time point of these
five types of curves is used as the standard hourly PV power output per unit area per
day curve developed in this paper to reflect the local situation throughout the year (refer
to Figure 11 for the results). Then, based on the installed capacity per unit area and the
available PV area of the roof, facade, and ground parking area of each block, the total
installed PV capacity, the total hourly PV power generation, and the hourly PV power
generation density of each block can be calculated, as shown in Equations (20)–(22).
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The assessment of total installed PV capacity of each block is performed as follows:

C = Sr·Cph + Sf·Cpv + St·Cph (20)
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The assessment of hourly photovoltaic power generation in various blocks is performed
as follows:

PVi =
Sr·Ophi + Sf·Opvi + St·Ophi

1000
(21)

The assessment of hourly photovoltaic power generation density in various blocks is
performed as follows:

PVdi =
1000·PVi

A
(22)

C (W) is the total installed photovoltaic capacity of a certain block. Cph (W/m2) is the
estimated installed capacity per unit area of the horizontal plane of the proposed area. Cpv
(W/m2) is the estimated installed capacity per unit area of the proposed area façade.

Sr (m2) is the available rooftop photovoltaic area. Sf (m2) is the photovoltaic available
area for a block building facade (south). St (m2) is the photovoltaic available area of a block
of ground parking area. PVi (kWh) is the photovoltaic power generation of a certain area
at the ith moment. Ophi (W/m2) is the photovoltaic output power per unit area of the
horizontal plane at the ith time. Opvi (W/m2) is the photovoltaic output power per unit
area of the facade at the ith time. PVdi (Wh/m2) is the photovoltaic power generation
density at the ith moment.

3.2. Hourly Electricity Load Calculation
3.2.1. Load Density Index Method

In this paper, the power load forecasting method recommended in the Urban Power
Planning Code [39], known as the load density index method (also referred to as the power
per unit area method), is utilized to depict the electricity consumption of different buildings
in the city. According to a survey conducted in cities of various sizes, focusing on urban
planning and development, population planning, and the growth of residents’ income
levels, this method utilizes the general peak load power per unit area (W/m2 or kW/km2),
known as the load density index [40], to assess the urban load level. This provides a
reference for the power supply capacity configuration in this area. At the same time, since
this method directly reflects the power load situation by the product of the building area or
regional occupation area and load density index (Equation (23)), it is easier to effectively
combine with the GIS geographic information system in terms of operation. This allows for
a quick realization of the assessment of power load for various urban buildings.

In order to conduct hourly load assessments of different buildings in the city, this
paper introduces the concept of hourly load rate (Lri) and the daily hourly load rate curve,
drawing on the idea of power grid load rate. This approach aims to illustrate the variations
in hourly load magnitude across different buildings. Finally, this paper provides a brief
evaluation of the hourly power load of blocks in Hohhot City using two indices: load
density and hourly load rate, as shown in Equation (24).

PC = Ld·Abuilt = Ld·FAR·A (23)

Loadi = Lri·Ld·Abuilt (24)

PC (kW) is the peak load power (active power) of each building. Ld (W/m2) is the load
density of each building. Abuilt (m2) is the building area. FAR is the floor area ratio of each
block. A (m2) is the land area of a certain place. Loadi (kWh) is the power load at the ith
moment of each block. Lri is the load rate at the ith moment of each block.

3.2.2. Load Density Index

The load density index is typically utilized to predict the power supply capacity
configuration of different blocks, and its value also indicates the peak load of a block. In
this paper, the proposed values of the load density index for various land uses are shown
in Table 4.
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Table 4. Partial land load density indicators selected in this paper [41–43].

Nature of the Land Coding
Average Load

Density
<Ld> (W/m2)

Simultaneous
Factor
(Kt)

Demand Factor
(Kd)

Proposed Load
Density

Ld (W/m2)

Residential land R 55.00 0.95 0.43 22.09
Public administration and

public service A 74.44 0.98 0.75 54.44

Retail commercial land B11 96.00 0.98 0.85 79.56
Wholesale market land B12 62.50 0.98 0.85 51.80

Land for catering industry B13 100.00 0.98 0.85 82.88
Land for the hotel B14 70.00 0.98 0.85 58.01

Commercial office land B2 81.00 0.98 0.85 67.13
Category I industry M1 53.71 0.97 0.35 18.24
Category II industry M2 59.43 0.97 0.38 21.62
Category III Industry M3 74.00 0.97 0.43 30.51

Logistics and storage land W 24.60 0.95 0.38 8.76
Municipal utility facilities U 42.20 0.95 0.38 15.03

Green land and square land G 2.00 0.95 0.75 1.43
Data Source: collated and calculated by the author according to relevant literature.

3.2.3. Daily Hourly Load Rate Curve

Analyzing the electricity load curves of various sections provided by Hohhot National
Grid, we utilized SPSS software to classify the daily hourly load rate curves of 290 land
samples based on the land use characteristics. Subsequently, we analyzed the clustering
results to extract the most representative daily load rate curves of different land use
types. These representative curves were then considered the typical daily load rate curves
proposed in this paper (Figure 12).
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Figure 12. Daily load rate curve of each civil building block proposed in this paper (red): (a) Resi-
dential land and catering land; (b) Commercial retail land; (c) Wholesale market land; (d) Hotel site
and water supply site; (e) Business office, education, and research and fire facilities land; (f) Land for
administrative offices and cultural activities; (g) Land for heating, sanitation, and drainage and other
public facilities; (h) Land for transport facilities; (i) First class logistics storage land; (j) Other logistics
and storage land. Data source: Drawn by the author according to the results of SPSS cluster analysis.

3.2.4. Hourly Load Assessment for Mixed-Function Plots

In addition to the properties of all kinds of single-function land use, there are also
various mixed-use plots in the city. These plots do not have a dominant single building
function; instead, they showcase a variety of building functions coexisting. The mixed-
function plot mainly combines horizontal and comprehensive functions. On a smaller scale
(single building), it is primarily a combination of vertical and temporal dimensions. On a
block scale, all four hybrids can be achieved.

Therefore, this paper selected 12 mixed commercial and other functional plots in
Hohhot City and analyzed the proportion of the floor area of their respective commercial
parts (Figure 13). The results show that most businesses account for between 20% and 40%.
In order to facilitate the assessment of potential, this paper adopts the proportion of 30%
commercial buildings as the standardized metric for all mixed-use plots. This means that
the ratio of commercial to other building functional areas is 3:7. The peak load density and
hourly daily load rate of all mixed-use plots are then calculated based on this standard.
The peak load density values are B11/R: 39.67 W/m2, B11/B14: 61.47 W/m2, B11/B2:
65.72 W/m2.

It is important to note that this article has established an ideal standard curve for
photovoltaic power generation, depicting the hourly output per unit area. The results
are derived from a year-long simulation of photovoltaic hourly output over 365 days.
The analysis includes the calculation of the similarity to the average output power over
245 days, specifically focusing on the period from 6 to 7 p.m. Therefore, in the three
indicators of daytime photovoltaic replacement rate (ESRd), photovoltaic utilization rate
(PUR), and standard deviation of hourly replacement rate (Stdev), this paper uses a 13-hour
period as the standard for calculation. The hourly PV power generation of each block
is calculated based on the assessment results of the available PV area of each block and
the proposed hourly PV power output curve per unit area of the standard daily area
(Figure 12). The hourly power load of each block is determined by the proposed curve of
hourly load rate for each functional building and the proposed index of load density for
each functional building (Table 4), which is calculated using Equation (24). Then, according
to Equations (1)–(3), the three indicators of ESRd, PUR, and Stdev of each block can be
calculated, as shown in Figures 14–16.
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From the perspective of PV installation potential, the total area of suitable land for PV
installation in all types of construction land in Hohhot is 1898.18 million square meters,
accounting for 57.6% of the total construction land area. The total available rooftop PV area
is 604,447,647 square meters, with an installed capacity of 95,507,028 kW. The total available
PV area on the south elevation is 249,144,454 square meters, with an installed capacity of
132,046 kW. The total available PV area in the ground parking area is 49,499,580 square
meters, with a total installed PV capacity of 78,203,034 kW. The total installed PV capacity in
the city is about 10,464 MW. According to the typical daily hourly PV power generation, the
theoretical average daily power generation can reach 44,015,000 kWh when tilt installation
is adopted, accounting for approximately 73.7% of the daily electricity consumption of the
entire society.

In terms of total photovoltaic power generation, Hohhot city presents optimistic
development prospects due to its excellent solar radiation resources. In this paper, the
average daytime PV replacement rate for all types of industrial sites is 82.9%, based on
the daytime PV replacement rate (ESRd). This reflects the application of PV to replace
traditional energy sources during off-peak production periods in all types of plants, even
when there is excess power output. After considering the hourly electricity usage per unit
of land for PV generation, the actual daily shipments in the city amount to 31,281 million
kWh, representing approximately 52.4% of the total electricity consumption (citywide PV
replacement rate). In other words, around 28.9% of the PV generation is theoretically
wasted due to mis-match with the electricity load, which is equivalent to an indirect loss of
12,734 million kWh of electricity output per day.

The stability of hourly photovoltaic power supply is determined by the standard
deviation of the hourly photovoltaic replacement rate (Stdev). Spatial quantification of
photovoltaic energy using urban data is becoming an important element of future smart
cities and sustainable development. On the whole, the average Stdev of the city is 23.8%,
which indicates relative stability in terms of the overall variability within the city. The aver-
age Stdev level of all types of industrial land is the highest at 38.9%, indicating significant
instability. Residential and office space occupancy rates are relatively stable at 21.8% and
15.9%, respectively. The most stable type of land is commercial land, with an average Stdev
of 8.8%. The main reason is that the land has a high load density, and the impact of photo-
voltaic power is not significant. Even after the implementation of photovoltaic systems,
urban distribution networks still need to maintain a high level of capacity allocation and
power supply to ensure reliable electricity distribution.

3.3. Cluster Analysis of Power Characteristic Laws of Different Plots

In order to summarize the evolving patterns of daily power characteristics following
the implementation of PV power generation at various sites, this study conducted a cluster
analysis of 5023 plots in the city using three indicators: daytime PV replacement rate, PV
utilization rate, and PV utilization stability (Table 5). Additionally, a regression analysis
was carried out to examine the relationship between each indicator and the floor area ratio
(FAR) (Figure 17).
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Table 5. Cluster analysis of daily power characteristics after PV installation.

Category
Center of Clustering Major Building Features and Their Corresponding

Floor Area Ratio RangesESRd/% PUR/% Stdev/%

1 0.00 0.00 0.00

Cultural relics, monuments, religious facilities,
special sites, various types of plazas, green spaces,
water bodies, and other areas where photovoltaic

installation is not feasible
2 88.52 1.20 24.79 Various types of social car parks

3 79.67 5.12 37.01 Primary and secondary schools (0.8–1.19), logistics
warehouses (0.8)

4 79.25 11.43 40.27
Executive offices (0.8–0.99), primary and secondary
schools (1.2–2.2), various industrial buildings (0.8),

integrated traffic hubs (0.86–1.49)

5 52.32 26.58 40.55

Executive offices (1.11–2.13), educational research
(0.84–2.1), medical and health (0.81–1.47), residences
(0.85–1.78), mixed residential/commercial (0.82–1.04),

integrated traffic hubs (1.71–2.58)

6 29.31 28.66 25.70

Executive offices (2.19–3.21), educational research
(2.12–3.82), medical and health (2.22–3.57), commerce

(0.96–1.31), mixed commercial/offices (0.97–1.29),
business offices (0.83–1.18), residences (1.82–2.94),

mixed residential/commercial (1.44–1.84)

7 19.18 28.25 15.67

Executive offices (3.53–4.33), educational research
(3.8–4.15), medical and health (3.65–4.38), commerce

(1.42–1.76), mixed commercial/offices (1.34–2.32),
business offices (1.2–2.1), residences (2.95–4.39),

mixed residential/commercial (1.89–3.4)

8 10.73 28.80 7.59

Executive offices (5.92–5.98), educational research
(4.24–4.38), commerce (1.93–3.8), mixed
commercial/hotels (2.53–5.74), mixed

commercial/offices (2.34–6.0), business offices
(2.19–5.64), residences (5.74–5.94), mixed

residential/commercial (3.32–5.81)
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After considering the time sequence of PV power consumption, all urban land plots
can be categorized into three main types: PV unsuitable land plots (category 1), PV excess
power land plots (categories 2 to 4), and general PV application land plots (categories 5 to 8).
Among them, the areas with excess PV power mainly include industrial areas, warehouses,
car parks, primary and secondary schools, and other building plots with insufficient power
consumption. The replacement rate of PV systems is excessively high, and the surplus
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power cannot be consumed during the peak hours of PV power generation. As a result, the
PV utilization rate is very low, and the replacement rate fluctuates significantly throughout
the day (categories 3 and 4). The general PV application areas mainly include commercial,
office, residential, and other civil buildings. Based on the results of the evaluation and
analysis (Table 5, Figure 17), it is evident that the variation in electricity load demand due
to differences in plot ratio will significantly influence the electricity consumption patterns
following the installation of photovoltaic systems in each plot. Therefore, it is of great
significance to enhance the overall PV potential of the city by effectively controlling the
planning layout and plot ratio of each site.

As far as the stage of PV development is concerned, traditional fossil energy genera-
tion, mainly thermal power, will continue to dominate as a reliable energy source for an
extended period. However, the current thermal turbines are generally characterized by
slow start-up and shutdown, high minimum technical output requirements, lack of flexi-
bility in system regulation, and rigidity in power scheduling. These limitations may pose
challenges in meeting the future demands of renewable energy development. Considering
its development goals, this paper takes the 40% daytime PV replacement rate as the best
criterion to measure the proportion of PV power consumption in each urban area. During
the daytime when PV energy is available, 40% of the load demand is supplied by PV in
combination with a small amount of energy storage to ensure voltage stability. The remain-
ing load demand is met by 40% of the minimum thermal power output and 20% from other
renewable energy sources. As can be seen in Table 4, the daytime PV replacement rate
in the areas of plot 5 and plot 6 has a better match with this criterion, with ESRd values
of 52.32% and 29.31%, respectively. Meanwhile, it can be seen from Figure 17 that under
different plot ratios, there is a theoretical maximum peak value of the PV utilization rate for
each plot. However, due to the relatively low plot ratio of category 5, its economic return
from PV systems is poor. At the same time, the stability of the power supply also reflects
a significant disadvantage, with a Stdev value as high as 40.55%. This high variability is
relatively unfavorable for regulating the thermal system, given the substantial demand of
the grid connection. After a comprehensive comparison, the building plot ratio interval
for each type of building will serve as the standard for the sixth type of land, which will
be more favorable to the overall PV potential of Hohhot. The corresponding values of the
functional plot ratios for each type of building in this category will become the primary
focus for adjusting urban planning in the future. It can be further seen that various types
of small high-rise (average number of floors 6–9) building forms in the city may be better
suited to meet the needs of urban PV utilization and will likely become the primary spatial
layout for future urban development. These building forms include residential buildings,
administrative office buildings, and more.

In addition, as shown in Table 5, the PV replacement rate is high for all types of
industrial land (Class 3 and 4) in the city, indicating a clear surplus of electricity output.
The paper examines the impact of the demand coefficient, which indicates that not all power
equipment is activated simultaneously. The power load is only represented by daily office,
lighting, and other non-production loads. In fact, various types of industrial buildings
require significant power loads during peak production hours. Typically, these power needs
are met by specific power plants through dedicated lines to ensure a consistent power
supply. However, photovoltaic power faces challenges in meeting these demands due to
its inherent instability and intermittency characteristics. Hence, industrial plants situated
far from other urban functions and centrally located in isolated patches may experience
minimal actual benefits from PV applications.

In addition, due to the higher load density in commercial, hotel, business office, and
other land areas in the city (categories 7, 8), the overall rate of photovoltaic replacement is
low. According to this paper, various types of building functions need to adjust the volume
ratio interval. The average volume ratio needs to be adjusted downward to 0.96–1.31 (for
instance, in commercial buildings, the average number of floors is typically 2–3). Otherwise,
the shape of the building will exceed the reasonable design range and be challenging to
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realize. Therefore, it is difficult to realize the future urban development of the above
area. Therefore, for future adjustments to urban planning in the aforementioned areas,
more consideration should be given to facilitating the layout of neighborhoods or even the
organic integration of these areas while ensuring that the normal operation of the city is
not disrupted.

4. Conclusions

The strategic deployment of installed PV systems within built environments is paramount
for driving future urban renewable energy structural transformations. Simply focusing
on guiding PV planning and construction based on total power generation at a singular
level cannot fully exploit the potential benefits of this approach. The urban distributed
photovoltaic energy evaluation model introduced in this paper offers a more comprehen-
sive integration of future energy needs with sustainable urban development. It lays the
groundwork for incorporating Internet of Things and big data technologies, which are cru-
cial for maximizing future urban energy potential. However, as this paper solely addresses
the optimization of PV potential in Hohhot city concerning a single spatial layout issue of
volume ratio adjustment, several limitations remain regarding parameter selection, data
accuracy, and influencing factors. Future research should encompass a broader spectrum of
practical social development issues, such as economic growth, urban planning, and indus-
trial adaptations. This holistic approach will facilitate strategic planning of urban energy
spatial layouts, fostering the transformation of photovoltaic power energy structures and
advancing sustainable urbanization.
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Nomenclature

Ar (m2) Roof area/floor area
Ap (m2) Area of selected PV module
Abuilt (m2) Building area
β Best angle (37.78◦ in Hohhot)
BD′ Building density
BD Proposed building density
Cph (W/m2) Installed capacity per unit area of the horizontal plane
Cpv (W/m2) Installed capacity per unit area of the facade
C (W) Installed photovoltaic capacity
ESRi Hourly Energy Substitution Rate
ESR Overall Energy Substitution Rate
FAR Floor area ratio
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F′ Average number of building floors
F/f Proposed number of building floors
G Green land rate
H (m) Building height
Kf Window reduction coefficient
Ks Facade and shadow reduction coefficient
Kr Rooftop photovoltaic utilization coefficient
Ld (W/m2) Load density of each building
Loadi (kWh) Power load at the ith moment
Lri Load rate at the ith moment
L0 Reference sunshine spacing coefficient
N Number of power generation hours
Ophi (W/m2) Photovoltaic output power per unit area of the horizontal plane at the ith time
Opvi (W/m2) Photovoltaic output power per unit area of the facade at the ith time
PUR Photovoltaic utilization rate
Pw (Wp) Peak power (rated power)
Pr PV coverage rate
PVi (kWh) Photovoltaic power generation at the ith moment
PVdi (Wh/m2) Photovoltaic power generation density at the ith moment
Pc (kW) Peak load power (active power)
P Percentage of ground parking land
Pei (kWh) Consumption of photovoltaic power
PVi (kWh) Photovoltaic power generation
R Land use rate
Ri Arithmetic average of daily hourly PV replacement rate
Stdev Standard deviation of hourly PV replacement rate
Sr (m2) Available rooftop photovoltaic area
Sf (m2) Available area for photovoltaic of a block building facade (south)
St (m2) Photovoltaic available area of a block of ground parking area
Sn (m2) Statistical value of the south elevation area
Sf Photovoltaic available area
S Rate of supporting public construction land
T (m) Building depth
δ Sun azimuth
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