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Abstract: Solar energy is a type of renewable and sustainable energy. Enhancing the acquisition and
utilization of solar radiation in urban residential areas is a crucial strategy for advancing sustainable
development goals. The morphology of urban residential areas plays a vital role in determining their
solar radiation acquisition (SRA) potential. Existing studies have primarily focused on exploring
the correlation between the individual morphology index and SRA potential for residential areas.
However, in the actual process of project design, there is a common need to simultaneously adjust
multiple morphology indexes according to specific criteria. The question of “How to compare
the magnitude of the impact of simultaneous changes in multiple morphology indexes on the
SRA potential of a residential area” has not yet been systematically analyzed and fully answered.
This study compares the sensitivity of multiple morphology indexes when changed collectively and
assesses their comprehensive impact on the SRA potential of residential areas. The aim is to determine
how to comprehensively control multiple morphology indexes in the early planning and design
stages to maximize solar energy utilization in residential areas. It is concluded that, when considering
the floor area ratio index under identical conditions, an increase in building density proves more
advantageous for enhancing SRA compared to an increase in building height. In cases where the
building height is less than 24 m and the floor area ratio is below 1.5, elevating the building density
yields greater photovoltaic (PV) potential for the residential area. With a limited site area, the impact
of building height on SRA far outweighs that of the layout. The layout does not significantly affect
the annual solar radiation amount per unit of external surface area (ASU). With increasing building
height, the impact of layout on heating season solar radiation amount per unit of external surface area
(HSU) becomes more pronounced. A vertical staggered layout and a row layout exhibit significantly
superior performance compared to a horizontal staggered layout in this regard. However, when the
building height exceeds 24 m and the floor area ratio surpasses 1.5, the PV potential of the vertical
staggered layout surpasses that of the row layout and horizontal staggered layout for the same
building height. The influence of building height on SRA is slightly greater than that of the building
orientation under similar conditions. The change in SRA potential with orientation under the same
height follows a consistent pattern.

Keywords: solar radiation acquisition potential; residential area morphology; BP neural network;
comprehensive comparative analysis; sustainable development

1. Introduction

Climate change is causing widespread damage to the achievement of the sustainable
development goals. The development of solar radiation technologies can reduce the
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dependence of buildings on fossil energy sources, thereby mitigating climate change by
reducing greenhouse gas emissions. Residential buildings are one of the most important
and numerous building types in cities [1]. Urban residential areas have great potential
and many advantages for solar radiation development [2,3]. To utilize solar radiation in a
building, the external surfaces of the building must acquire sufficient solar radiation.

Lhasa (29°41’ N, 91°1’ E), situated at an altitude of 3650 m in the heart of the Tibetan
plateau, experiences cold winters necessitating the use of heating systems to maintain a
comfortable indoor environment [4]. The heating load is substantial, and local traditional
energy sources are relatively scarce. Despite these challenges, Lhasa is endowed with
abundant solar resources, boasting more than 3000 h of sunshine annually. With a low
latitude and minimal atmospheric cloud cover, the region receives up to 8400 MJ/m? of
solar radiation per year [5]. Given this solar richness, Lhasa holds immense potential and
a compelling necessity to develop solar energy utilization technology. Both national and
local governments actively promote policies to guide the development of solar buildings in
the region.

The morphology of building complexes within residential areas directly impacts the
accessibility of solar radiation in those areas, consequently influencing solar radiation
acquisition. With the rapid urbanization in Lhasa, the density of buildings is increasing,
leading to a reduction in their access to solar radiation. In recent years, scholars have
studied how to maximize solar radiation acquisition (SRA) potential through changes in
the individual morphology index of residential areas. However, in the actual process of
project design, there is a common need to simultaneously adjust multiple morphology
indexes according to specific criteria. In response to this question, this study compares the
sensitivity of multiple morphology indexes when changed collectively and assesses their
comprehensive impact on the SRA potential of residential areas.

2. Existing Research

Research on the comparison of the sensitivity of multiple morphology indexes, when
changed collectively regarding the SRA potential of residential areas, is currently catego-
rized into two main branches. The first part involves the study of morphology indexes in
actual residential areas based on their SRA potential. This type of study typically selects
actual residential areas as the subject of investigation. By examining the morphology of es-
tablished urban residential areas, researchers explore the relationship between morphology
indexes related to SRA potential.

Lu et al. concluded that the point layout (a uniform “dot” distribution with square
buildings) is superior to the slab layout (a “linear” distribution with rectangular buildings)
in terms of sunlight acquisition, with the hybrid layout (a mix of the “dot” distribution
and the “linear” distribution with both square and rectangular buildings) falling in the
middle [6]. Kosir et al. concluded that building density and building orientation are
the most important indexes affecting the number of daylight hours [7]. Martins et al.
concluded that the aspect ratio and building spacing are obtained as more significant
indexes affecting solar radiation and insolation on the building surface [8]. Sarralde et al.
concluded that changes in residential area morphology indexes have a much greater effect
on facade solar radiation (45 per cent) than on roof solar radiation (9 per cent) [9]. Zhu et al.
found that the greater the irregular fluctuations in building height, the greater the SRA
potential [10]. Liu concluded that the layout of the residential area is better in row layouts,
with a regular tessellation preferred (misalignments between rows and columns in the
east-west or north—south directions should be minimized) [11]. Chen concluded that the
building density, building complex morphology factor, and standard deviation of building
height have a strong correlation with the total annual solar radiation [12]. Wu developed
three incident solar radiation prediction indexes (ISRPIs) that combine the building height,
the building-exterior-area-to-site-area ratio, and the sky view factor. The ISRPI combines
the advantages of several traditional urban morphology indexes and exhibits a strong linear
relationship method with incident solar radiation under both clear and cloudy weather [13].
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Tian concluded that the floor area ratio, building density, average building height, and
building spacing have a significant effect on the SRA potential of residential areas, with
correlation coefficients of 75%, 71%, 78%, and 72%, respectively [14]. Wen concluded that in
order to maximize the solar radiation acquisition potential of the residential areas, horizontal
staggered rows are optimal, followed by parallel rows in the layout of the residential areas [15].
Boccalatte et al. concluded that building height, building volume, and the height difference
between buildings have a high correlation with the amount of solar radiation from roofs [16].
Zheng concluded that the floor area ratio, building density, and the ratio of total building
external surface area to site area have a great impact on SRA in residential areas [17].

The second part focuses on the study of morphology indexes in typical residential
areas with parameterized samples. In studies of this nature, residential areas are often used
as references, and the typical morphology of residential areas in a given region is extracted
through extensive research. Researchers then investigate the impact of residential area
morphology indexes on SRA potential by adjusting the morphology control parameters of
these typical residential areas.

Vermeulen et al. concluded that urban high-building density areas have easy access
to solar radiation, where the courtyard layout maximizes the total radiation of residential
areas [18]. Li et al. found that as building density increases, the solar potential of the
complex increases [19]. Morganti et al. found that building density, the ratio of the area
of the facade to the base, and the sky factor have the most significant relationship with
the effect of radiation values [20]. Bai concluded that the building layouts (the parallel
determinant, the three-side street style, and the four-side enclosure type), building height,
and building orientation have a great influence on solar radiation acquisition [21]. Jiang
concluded that the building layout and building density have a small impact on solar
potential, while the floor area ratio and building spacing, as well as building morphology,
have a large impact on solar potential [22]. Aghamolaei et al. concluded that building
height, density, and street width affect SRA in residential area buildings, with building
height having the greatest effect [23]. Zhang et al. concluded that under the same planning
conditions and design premise, different urban block types can increase the solar radiation
harvesting potential and rooftop photovoltaic (PV) capacity by up to 200%. Among them,
courtyard and hybrid layouts are superior to other types, especially tower and panel
blocks [24]. Zhang concluded that the optimal layout for high-rise residential areas in
Lhasa is the vertical staggered layout, and multi-story residential areas require a mixed
staggered layout [25].

In summary, there is some current research on the impact of residential area mor-
phology indexes on SRA potential. Scholars have conducted comparative analyses on the
influence of individual morphology indexes, such as the building layout, floor area ratio,
building density, building height, and building orientation, on residential area SRA by
way of control variables. However, architects in the practical design process often need
to consider meeting various requirements of the client, rather than simply changing the
individual morphology index. Instead, they need to adjust multiple morphology indexes
simultaneously to meet the conditions of the site. In this context, it becomes especially
important to compare the comprehensive impact of various morphology indexes on the
SRA in residential areas and their sensitivity under comprehensive impacts. In this study,
urban residential areas in Lhasa, China, were selected as the subject of the study. Although
some research has been conducted in areas such as Harbin, Shanghai, and Wuhan in
China [11,12,14,15,17,21,22,26-33], there is a distinct lack of research on solar resource-rich
areas such as Lhasa and Xining.

3. Research Method

A large sample of residential areas is required as a basis for the study to compare
the sensitivity of multiple morphology indexes when changed collectively on the SRA
potential of residential areas. A parametric approach was implemented in this study,
which facilitates the rapid establishment of numerous morphological scenarios, ensuring



Sustainability 2024, 16, 4893

4of 24

comprehensive coverage of the morphological possibilities observed in typical residential
areas. Moreover, it offers flexibility in adjusting morphological variables as necessary
to ensure comparability among the scenarios. Traditional methods of obtaining data
require first modeling residential areas and then simulating their solar radiation [31].
However, when dealing with numerous high-density residential areas, computational time
consumption becomes a major challenge in parametric studies due to the multitude of
influencing factors and the extensive data to be processed [26]. Therefore, a BP neural
network is constructed to reflect the functional relationship between the SRA of the Lhasa
residential area and its influencing indexes in this study. The BP neural network is a
relatively mature and widely used artificial neural network, which has the advantages of
being self-adaptive as well as possessing a self-learning capability, nonlinear mapping,
and fault tolerance, and can represent complex functional relationships of internal action
mechanisms [34]. The SRA prediction model will greatly simplify the calculation mode
of solar radiation simulation using software-based platforms and eliminate the tedious
traditional modeling and simulation process. By only adjusting the morphology index data
of residential areas, the SRA of residential areas can be quickly and accurately calculated
and predicted. The specific process (Figure 1) is illustrated as follows:

1.  Residential area archetypes characterization and parameterization. The morpholog-
ical characteristics and parameters of typical residential areas were extracted and
summarized in Lhasa. They were then used as the benchmark for establishing the
experimental parametric models. Then residential area morphology indexes and SRA
indexes of high correlation were identified. We then utilized Rhinoceros 7.0 modeling
software and its parametric modeling platform Grasshopper with Ladybug 1.4.0 to
model the residential area and simulate solar radiation.

2. BP neural network constructing. A BP neural network model with morphology
indexes as the input layer and SRA indexes as the output layer was constructed. To
train and test the BP neural network, the morphology indexes dataset of actual case
residential areas and ideal homogeneous residential areas and the corresponding SRA
index dataset were used. During training, the neural network iteratively adjusts its
parameters (weights and biases) based on the training set to minimize the difference
between predicted and actual SRA indexes.

3. Comprehensive comparative analysis. Once the BP neural network is trained and
validated, it serves as a prediction model for estimating SRA based on morphology
indexes for Lhasa residential areas. A large amount of data was obtained from
several calculations using the predictive model. Statistical methods were then used to
compare the sensitivity of multiple core morphology indexes such as the floor area
ratio, building density, building height, building layout, and building orientation to
the effects of SRA.
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Figure 1. Workflow diagram.
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4. Indexes Determination

Based on our research group’s preliminary research, eight morphology indexes (Table 1)
with high correlations with SRA and four SRA indexes (Table 2) were selected [11,15,35,36].
The annual SRA of residential areas was studied using the annual solar radiation per unit of
building external surface area (ASU), combined with the annual solar radiation on the total
building external surface area; the solar radiation per unit of external surface area in the
heating season (HSU), combined with the solar radiation on the total building external sur-
face area in the heating season, was used to study the SRA of residential areas in the heating
season. Citing the annual solar radiation threshold per unit area (800 kW-h (m?-a)~!) corre-
sponding to different solar energy utilization technologies proposed by R. Compagnon [37],
the PV potential of the building is analyzed in a comprehensive manner using two indexes:
the percentage of external surface area above the threshold of solar radiation of the residen-
tial area building complex to the total external surface area (SAgg), and the percentage of
radiation above the threshold to the total radiation (SSgy)-

Table 1. The 8 morphology indexes of residential area.

Morphology Index Calculation Method Schematic Note

The sum of the horizontal
projections of the buildings on
each floor of the site

Gross Floor Area
(GFA)

An important index of
construction land use
intensity.

Floor Area Ratio Gross Floor A
e PAR — Srsggfleorfrea

Building DenSitY BD = Building Footprint area
(BD) - Site Area

The main fagade refers

Building The front facade of a building,
Orientations or the direction faced by the Wﬁiﬁﬁgﬁ;ﬁifggﬁm
(BO) main facade of a building. are located
Building Height BH Gross Floor Area

(BH) = Building Footprint Area
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Table 1. Cont.

Morphology Index Calculation Method Schematic Note
Building Surface o Indicates the amount
Comglexi ty E Buﬂcihsng fTotaL of external building
xternal Surface Area ¢ .
(STL) STL = it surface occ.uplecl per
unit of site area.
Buildine Complex L Similar expressions of
5 p Building Total the shape coefficient of
Morphology Factor _ External Surface Area monolithic buildings
(QTX) QTX = Building Total volume
at the group level.
Its value can indirectly
Open Space Ratio OSR — _Unbuilt Area reflect the degree of
(OSR) ~ Gross Floor Area mutual shading of

buildings.

Table 2. The 4 SRA indexes.

Potential Index

Calculation Method

Note

Annual Solar Radiation

ASU =

Amount per Unit External

Surface Area (ASU)

Annual Solar Radiation
Amount Building Received

Building Total

External Surface Area

(unit: kW-h(m2-a)~1)

ASU refers to the ratio of the solar radiation acquired by
the external surface of a single unit or group of
buildings to the total external surface area of the
building in a year. The larger the value of this
performance index, the more efficient the corresponding
building complex or building unit is in terms of SRA.
The combination of this index and the total amount of
solar radiation a building receives in a year provides a
more comprehensive picture of a building’s potential to
obtain solar radiation throughout the year.

Heating Season Solar

Radiation Amount

HSU =

per Unit External Surface

Area
(HSU)

Heating Season Solar Radiation
Amount Building Received

Building Total

External Surface Area

(unit: kW-h(m?-a)~1)

HSU refers to the ratio of the total solar radiation
acquired by the external surfaces of a building to the
total external area of the building during the duration of
the local heating season. Characterize the ability of
residential area and building units to obtain solar
radiation during the heating season. It is necessary to
analyze this index in Lhasa, which is a cold region
(climate zone VI) of the building thermal/climatic
zoning, with cold winters and large heating demand,
and cooler summers without air conditioning and
cooling demand.

The larger the value of this performance index, the
higher the efficiency of SRA for the heating season of the
corresponding building complex or building unit. This
index combined with the total amount of solar radiation
obtained by a building during the heating season
provides a more comprehensive picture of a building’s
potential for SRA during the heating season.
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Table 2. Cont.
Potential Index Calculation Method Note
The thresholds are based on the PV and solar thermal
Ratio of Area with Annual Solar Radiation thresholds proposed by R. Compagnon, which focus on
Radiation Exceeding Exceeding 800 kW-h(m?-a) 1 thePV potential of buildings [37].
800 to Total External Amount Building Received SAgq refers to the area of the external surface of a
Surface Area SAs00 = Building Total building complex or building unit that acquires solar
(SAsoo) External Surface Area radiation in excess of the 800 threshold in a year as a
T percentage of the total external area.
o Annual Solar Radiation SSgp refers to the solar radiation acquired by the
Percentage Qf Radiation Exceeding 800 kW-h(m?-a) - external surface of a building complex or building
Exceeding 800 Amount Building Received element in excess of the 800 threshold in a year as a
(SSs00) SSs00 = Annual Solar Radiation percentage of the solar radiation acquired by the total
Amount Building Received annual external surface area.
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5. Sample Set of Morphology Models
5.1. Actual Case Residential Areas Dataset

In order to select residential areas that are in line with the current situation and future
development of Lhasa’s residential areas, 81 residential areas were selected from those built
after 2010 in Lhasa through online and field research (Figure 2).
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Figure 2. Map of residential areas researched in Lhasa.

According to the research results, the morphological characteristics and parameters
of typical residential areas were extracted and summarized in Lhasa (Figure 3). Analysis
revealed that the largest proportion of the site area of residential areas in Lhasa is in the
range of 5 hm? to 10 hm?, accounting for 40.4% of the total number of residential areas
in the research. On the whole, the scale of residential areas in Lhasa is mainly small and
medium-sized, and medium-sized and large-sized residential areas are mainly distributed
within the scope of several functional new areas. The number of residential areas with floor
area ratios in the range of 1.5 to 2.0 is the highest, accounting for 39.8% of the total number
of residential areas studied. The overall development intensity of high-rise residential
areas in Lhasa is moderate to low. Residential areas in Lhasa with a density of 10-20%
accounted for the largest proportion of the total number of residential areas studied, at
48.1%. According to the classification of the layout morphology and statistical analysis,
the urban area of Lhasa has a larger proportion of the total number of investigations with
hybrid (a combination of horizontal staggered rows and vertical staggered rows) and row
layouts, which is also conducive to the acquisition and use of solar energy by buildings.
Residential buildings in Lhasa are mainly multi-story Type I (4~6 storys) and high-rise Type
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I (10~18 storys). In the analysis of the orientation of the existing residential buildings in
Lhasa, it is concluded that the number of existing residential buildings in Lhasa facing south
is the largest, accounting for 45.6% of the number of single-unit residential buildings in the
study. The database of actual cases was obtained by modeling the specific values of eight
morphology indexes for the eight selected residential area morphology indexes and the
specific values of the corresponding four SRA indexes. Table 3 shows 10 of these datasets.
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Figure 3. Statistical diagrams of morphology indexes of residential areas researched in Lhasa.
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Table 3. Selected data extracted from the actual case sample library. (1) List of independent variables
(list of morphology index values). (2) List of dependent variables (list of values of solar radiation

indexes).
(1)

Number GFA (m?) FAR BD (%) BO (°) BH (m) STL QTX OSR
1 119,610.50 0.87 10.60 —4.3 2441 0.84 0.320 1.023
2 168,630.95 1.77 14.47 —4.2 40.09 1.13 0.212 0.482
3 297,822.80 1.95 12.30 —4.5 45.88 1.22 0.208 0.449
4 98,436.38 2.95 22.33 —233 39.67 2.22 0.251 0.263
5 33,268.30 1.04 17.45 0.5 15.00 0.79 0.255 0.795
6 16,329.49 2.08 23.14 0.5 27.00 1.53 0.244 0.369
7 47,558.15 1.02 25.44 0.0 12.00 0.93 0.306 0.733
8 28,652.81 1.25 32.68 0.0 11.50 1.07 0.285 0.537
9 37,045.13 0.88 21.98 0.0 12.00 0.90 0.340 0.888
10 21,149.48 1.04 26.07 0.0 12.00 1.08 0.345 0.709

(2)

Number (kW-lﬁrilzj-a)—l) (kW-ISrilzj-a)_l) SAggo SSso0
1 687.13 263.78 0.377 0.738
2 673.43 248.09 0.357 0.696
3 667.31 263.17 0.362 0.684
4 613.83 213.96 0.262 0.586
5 903.74 328.12 0.475 0.766
6 829.33 300.98 0.444 0.723
7 949.23 338.64 0.472 0.790
8 968.44 328.14 0.433 0.759
9 890.41 310.83 0.424 0.778
10 868.73 302.04 0.418 0.801

5.2. Ideal Homogeneous Residential Areas Dataset

In order to control the variables to make the study results essential, a sample library of
ideal homogeneous residential areas with the same plan form and height of single buildings
and uniform spatial distribution was constructed.

Based on the results of the research and analysis of the morphology of existing residen-
tial areas in Lhasa city, the basic pattern of homogeneous residential areas is determined
in terms of the layout of the Lhasa residential area, the width and depth scale of a sin-
gle building, etc. On this basis, changes in morphology indexes are added, and finally,
a large number of parametric samples of homogeneous residential areas with different
morphologies are constructed.

A square base of 300 m x 300 m is selected to establish a homogeneous residential
area model. In order to match the real urban environment, the parameterized samples of
these residential areas are each replicated into a 3 x 3 matrix, and the urban road between
residential areas is set to be 30 m wide. Due to the influence of regional climatic conditions,
most of the building forms of urban residential areas in Lhasa city are slab type, with
tower-type buildings being rarer, and the whole row of local slab collection houses are
mostly approximately 55-60 m in width and 12-15 m in depth. Therefore, the study takes
the median value and takes the rectangular plan of 57.5 m x 13.5 m as the typical plan form
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of single buildings with a 3 m floor height, a uniform distribution, and consistent height.
The minimum building spacing is based on the provisions of Article 5.2.2 of the Building
Design Fire Code GB 50016-2014 (2018 edition), and the fire spacing of 13 m is taken as the
minimum spacing for high-rise civil buildings of the first and second fire ratings. At the
same time, to meet the provisions of Article 49 of the Lhasa City Planning Regulations, the
building spacing coefficient shall not be less than 1:1.25; building setback land and road
red line distance are in accordance with the provisions of Article 51 and Article 64 of the
Lhasa City Planning Regulations to determine the setback land red line at 15 m.

A sample containing 2304 homogeneous residential areas was established by changing
the building layout (the row layout, the vertical staggered layout, and the horizontal
staggered layout), building height (12 m, 18 m, 24 m, 30 m, 54 m, and 78 m), number
of building rows and building columns, and building orientation (60° S.E., 30° S.E., due
south and due north, 30° S.W., 60° S.W., due east and due west). The samples with a high
density and a high floor area ratio (such as residential areas with 26 stories and 10 rows
and 4 columns) that do not meet the daylighting code of Lhasa city were excluded, and
finally, a homogeneous model sample database containing 876 groups of data was formed,
with the floor area ratio ranging from 0.31 to 2.7, which is in line with the actual research
situation of Lhasa residential areas. The details are shown in Table 4.

Table 4. The morphology setting of homogeneous residential area sample.
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6. Prediction Model
6.1. Basis and Principle

The residential area solar radiation prediction model is a mathematical model con-
structed based on the data of the residential area morphology model sample library, in
which the input variables of this model are the morphology indexes of the residential area
and the output variables are the performance indexes of SRA.

The residential area SRA of residential areas is related to several morphology indexes
such as the gross floor area (GFA), floor area ratio (FAR), building density (BD), building
orientation (BO), building height (BH), building surface complexity (STL), building complex
morphology factor (QTX), open space ratio (OSR), etc. The relationship between these
indexes and the residential area SRA of the residential area is a mapping relationship, i.e.,
for any set of values of the morphology indexes within the building code, the residential
area SRA of the residential area has a unique value corresponding to it. Therefore, a BP
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neural network model can be developed to represent the mapping relationship between
the morphology indexes and the residential area SRA of residential areas.

The BP Neural Network (Back Propagation Neural Network, BPNN) was proposed in
1986 by a group of scientists led by Rumelhart and Mccelland. It is a one-way propagation
multilayer feedforward network. With self-learning, self-organization, and excellent non-
linear approximation ability, it is one of the most widely used neural network models. The
BP neural network consists of an input layer, an output layer, and several hidden layers,
and the BP network algorithm is a typical learning process with a teacher. In essence, for
the given sample data and error requirements, after establishing the initial network model
(including the network structure, the threshold values of the neurons in each layer, and
the connection weights between the neurons in each layer), with the goal of reducing the
error between the model output value and the sample value, the threshold values of the
neurons in each layer of the network and the connection weights between the neurons are
repeatedly revised to optimize the model until the error between the model output and
the sample value meets the requirement [34]. At this point, the network model reflects the
mapping relationship between the variables in the sample data, and the threshold values
of the neurons in each layer of the model and the connection weights between the neurons
in each layer determine the model output value. We can then use this network model to
calculate and predict the SRA of residential areas under different morphology indexes.

6.2. Structure and Training

It has been shown that a BP neural network model with one input layer, one output
layer, and one hidden layer, with a hyperbolic tangent S-shaped function for the hidden
layer action function and a linear function for the output layer action function, can approxi-
mate any continuous multivariate function with arbitrary accuracy when the number of
neurons in the hidden layer is appropriate [22]. In this paper, the model structure is estab-
lished according to this theory (Figure 4). Among them, the input layer has eight neurons,
which correspond to eight morphology indexes of residential areas: gross floor area (GFA),
floor area ratio (FAR), building density (BD), building orientation (BO), building height
(BH), building surface complexity (STL), building complex morphology factor (QTX), and
the open space ratio (OSR). The output layer has four neurons corresponding to four SRA
indexes: annual solar radiation amount per unit of external surface area (ASU), heating
season solar radiation amount per unit of external surface area (HSU), the ratio of the area
with radiation exceeding 800 to the total external surface area (SAgyy), and percentage of
radiation exceeding 800 (SSgpp). The number of neurons in the hidden layer is crucial, as
too small of a number will affect the accuracy of model training and prediction and the
empirical effect will be reduced; too high of a number will affect the network generalization
inference ability. After repeated debugging and comparison with a computer, the number
of neurons in the hidden layer was determined to be 40.

GFA
ASU
\ \‘ 1
/=S
N7 2\
R :);§ ‘ N\ HSU
> e = X ¥
SA&UU
88800

Figure 4. Topology of SRA prediction using BP neural network.
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Since the eight morphology indexes and the corresponding SRA indexes have different
units of measurement and different orders of magnitude, the model cannot be trained
directly using the data in the homogeneous sample database, but should first be normalized,
i.e., all the morphology indexes and the corresponding SRA values are transformed into
decimals in the interval [0, 1] according to certain rules. After the normalization process, the
homogeneous residential area sample data can be used for training the model. The 876 sets
of data from the normalized homogeneous residential area sample library were then used
to train the model.

In order to subsequently verify the reliability of the resulting model, when the 876 sets
of data from the normalized homogeneous model library were imported into the BP neural
network for model training, the order of the input variable matrix was first randomly
disordered, and then a total of 836 sets of samples from numbers 1 to 836 in the new
sequence were selected as the training set, and the remaining 40 sets of samples from
numbers 837 to 876 were used as the testing set.

The initial weights and thresholds of the model are taken as random numbers between
0~1. The error level and learning rate are selected, and the program is written in the neural
network toolbox in Matlab to train the BP neural network model with 836 sets of sample
data. Network training is performed, and the training ends when the learning error reaches
the requirement when the training reaches 15,320 times. At this point, the model reflects
the mapping relationship between the normalized morphology indexes and the normalized
SRA indexes. When the trained model is used to predict the SRA of a residential area,
similar to the training model, the morphology index values are first normalized, then the
normalized SRA values are calculated using the trained model, and finally, the results are
denormalized to obtain the original SRA prediction values.

In order to verify the reliability of the obtained model for the homogeneous sample
database, 40 sets of data in the testing set were normalized and imported into the obtained
model to obtain the corresponding simulated values of SRA.

Using the sample number of the testing set as the horizontal coordinate, the simulated
values of ASU of the testing set are plotted against the measured values (Figure 5a),
the simulated values of HSU of the testing set are plotted against the measured values
(Figure 5b), the simulated values of SAgg of the testing set are plotted against the measured
values (Figure 5c), and the simulated values of SSg( of the testing set are plotted against the
measured values (Figure 5d). It can be seen that the fit between the four output quantities
and the output variable system is high, and the R? of the fit reaches 0.9823, 0.9875, 0.9786,
and 0.9808, respectively. This also proves the accuracy of the present relational model for
predicting the SRA of the homogeneous residential area model.
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Figure 5. Cont.
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Figure 5. Comparison of simulated and measured values of the testing set in ASU (a) and HSU (b)

and SAgOQ (C) and SSSOO (d)

6.3. Verification of the Model

After obtaining a well-fitted model of the relationship between morphology indexes
of residential areas and SRA generated by the homogeneous model library, the relationship
model is further calibrated using data from the actual case database in order to verify
whether the model is still applicable in real cases.

Since the residential area model in the homogeneous model library is too ideal and
due to the relationship between the morphology indexes of the residential area and the
SRA derived from the data therein alone when imported into the input variable matrix
in the actual case, the predicted values of the calculated output variables do not match
the actual measured values as well as the predicted values of the homogeneous model,
and there are certain deviations. This is mainly because the characteristics of the existing
residential areas themselves and the surrounding environment are not the same, and there
are multiple external factors that lead to complexity. The R? of the fit between the simulated
and measured values of ASU (Figure 6a), HSU (Figure 6b), SAggy (Figure 6¢), and SSgy

(Figure 6d) in the actual case base are 0.8236, 0.8057, 0.8429, and 0.8966, respectively.
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Figure 6. Comparison of simulated and measured values of the actual case in ASU (a) and HSU (b)
and SAgOQ (C) and SSSOO (d)

Although there is a certain amount of error in the absolute magnitude of the simulated
and measured values, this error is still within the acceptable range, and the overall trend of the
simulated values is basically consistent with the overall trend of the measured values. There-
fore, it is feasible to use the previously obtained relationship model between the morphology
indexes of residential areas and SRA to predict the SRA of actual residential areas.

7. Comparative Analysis of the Indexes

In this section, five morphology indexes, namely, the floor area ratio, building height,
building density, layout, and building orientation, which are directly adjusted by architects
during the design of residential areas, are selected for further discussion. Their compre-
hensive impact on the SRA potential of a residential area, when changed collectively, is
compared. The discussion below separately explores the influence of building height and
building density on residential area SRA, the influence of building layout and building
height on residential area SRA, and the influence of building orientation and building
height on residential area SRA.

7.1. Effect of Building Density (BD) and Building Height (BH) on SRA

The effects of different floor area ratios on the SRA and photovoltaic (PV) potential of
residential areas were selected for comparative analysis under the due south and due north
and six typical building heights.

The results show that as the floor area ratio increases, the total annual solar radiation
received by the residential area increases, but the ASU decreases (Figure 7), i.e., the SRA
efficiency decreases. This indicates that as the floor area ratio of the residential area
increases, the external surface area of the building also increases, so the total amount of
solar radiation received by the building increases accordingly but the mutual shading
between the buildings will be more serious than before the floor area ratio increases, which
leads to the decrease in ASU, i.e., the SRA efficiency decreases.

When the floor area ratio is set as constant, ASU increases as the building height
decreases (Figure 7b). Since the floor area ratio is certain, the building density increases
when the building height decreases. As a result, ASU increases as the building density
increases under the condition of a certain floor area ratio. Therefore, under the condition
that the land area and gross floor area are determined, we can increase the annual SRA of
the residential area by increasing the building density and decreasing the building height.

Further model calculations show that when the floor area ratio of the residential area
increases, whether increasing the building density or increasing the building height, the
total annual solar radiation will increase while the annual solar radiation per unit external
surface area (ASU) will decrease, but compared to the increase in building height, the
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increase in building density will cause the total annual solar radiation to increase faster and
the annual solar radiation per unit of external area to decrease more slowly. This indicates
that as the building density increases, the roof area of the building will increase, and since
it is a homogeneous model and every single building in the residential area is of the same
height and uniformly distributed, there is no shading of solar radiation on the roof of the
building, which makes the total annual solar radiation obtained from the roof increase.
When the building height increases, on the one hand, the annual solar radiation obtained
from the roof does not increase because the building roof area remains unchanged, and on
the other hand, the increase in building height is more serious than the mutual shading
between buildings caused by the increase in building density. Therefore, to have a greater
annual SRA, increasing building density is more effective than increasing building height.
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Figure 7. Effect of FAR and BH on annual solar radiation of total external surface area (a) and per
unit external surface area (ASU) (b).

For the heating season SRA, there are also similar conclusions to the annual SRA
(Figure 8a,b).
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Figure 8. Effect of FAR and BH on heating season solar radiation of total external surface area (a) and
per unit external surface area (HSU) (b).
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For the PV potential (SAgp, SSsno), there are also similar conclusions as for the annual
SRA and the heating season SRA (Figure 9). The difference is that in the case of low building
height (less than 24 m) and a small floor area ratio (less than 1.5), the changes in both SAgg
and SSggg are small as the floor area ratio increases. However, when the height exceeds
24 m, both SAgyy and SSgyp show a significant decreasing trend with the increase in the
floor area ratio. It can be seen that in the case of low building height (less than 24 m) and
a small floor area ratio (less than 1.5), the radiation mount beyond the 800 threshold can
be increased by increasing the building density, thus increasing the PV potential of the
residential area.
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Figure 9. Effect of FAR and BH on SAgq (a) and SSgy (b).

7.2. Effect of Layout and Building Height (BH) on SRA

The effects of three layout methods (the row layout, the vertical staggered layout, and the
horizontal staggered layout) on the SRA and PV potential of the residential area are selected
for comparative analysis under due south and due north and six typical building heights.

For SRA, ASU corresponding to all three layouts decreases as the floor area ratio
increases (Figure 10a). Among them, the vertical staggered layout performs better than
the row and horizontal staggered layout, and the row and horizontal staggered layout are
close to each other. In general, the effect of layouts on ASU is not significant.
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Figure 10. Effect of Layout and BH on ASU (a) and HSU (b). Note: The HSL represents the horizontal
staggered layout; the RL represents the row layout; the VSL represents the vertical staggered layout.

As the floor area ratio increases, HSU decreases for both the row and horizontal
staggered layouts (Figure 10b), while there is no significant change in HSU for the vertical
staggered layout. Among the three layouts, the vertical staggered layout is the best,
followed by the row layout, and the horizontal staggered layout is the worst, while the
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vertical staggered layout and the row layout are better than the horizontal staggered layout
to a very obvious extent.

Among the three layouts, the vertical staggered layout performs the best in terms
of PV potential, while the row layout is very close to it, both of which are significantly
better than the horizontal staggered layout (Figures 11 and 12). As the floor area ratio
increases, for the same building height, the SAgyy and SSggg of the horizontal staggered
layout decrease, while the SAggy and SSgyg of the vertical staggered layout do not change
significantly. The row layout is divided into different cases. When the floor area ratio is
small (less than 1.5), for the same building height, the SAggy and SSgyg corresponding to the
row layout have no significant relationship with the floor area ratio, and when the building
height exceeds 24 m and the floor area ratio exceeds 1.5, the SAggg and SSgyy corresponding
to the row layout show a significant decreasing trend for the same building height. Further
calculation analysis shows that when the floor area ratio is small (less than 1.5), the vertical
staggered layout is very close to the row layout, and when the building height exceeds 24 m
and the floor area ratio exceeds 1.5, for the same building height, the vertical staggered
layout is obviously better than the row layout.
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(e) 54 m. (f) 78 m. Note: The HSL represents the horizontal staggered layout; the RL represents the
row layout; the VSL represents the vertical staggered layout.

7.3. Effect of Building Orientation (BO) and Building Height (BH) on SRA

The following section selects due south and north as the reference direction of orienta-
tion, specifies it as orientation 0°, and the angle formed by counterclockwise rotation is the
positive angle, that is, 30° indicates 30° S.E., 60° indicates 60° S.E., 90° indicates due east
and west, 120° indicates 60° S.W., 150° indicates 30° S.W., 180° indicates due south and
north, 210° indicates 30° S.E., 240° indicates 60° S.E., and 270° indicates due east and west.

Since all the individual buildings in the residential area model are symmetrical slab
structures uniformly distributed and of the same height, it is sufficient to study only half
of the full 360° orientation range. This is because the solar radiation conditions of the
corresponding orientations in the two halves of the orientation range are identical [20].
For example, in the orientation range formed by turning 180° counterclockwise from due
south to due north, the solar radiation condition of a building facing 15° S.E. is exactly
the same as that of a building facing 15° N.W. in the orientation range formed by turning
180° counterclockwise from due north to due south. The row layout is selected, and
Figures 13-16 indicate the SRA of the residential area at different orientations under the
row layout, respectively.
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For different building heights, the change pattern of ASU with orientation is basically
the same (Figure 13a). When the building orientation is turned 180° counterclockwise from
due south (orientation 0°) to due north (orientation 180°), the ASU first increases sequen-
tially and then reaches the maximum value when it is turned near due east (orientation
90°), and then decreases sequentially. Further, the model calculation shows that the optimal
ASU orientation range is from 75° S.W. to due west with a span of 15°.

For different building heights, the change pattern of HSU with orientation is also basically
the same (Figure 13b). When the building orientation is turned 180° counterclockwise from
due east (orientation 90°) to due west (orientation 270°), the HSU first increases sequentially
and then reaches the maximum value when it is turned near due north (orientation 180°), and
then decreases sequentially. Further, the model calculation shows that the optimal orientation
range of HSU is from due south to 10° S.W. with a span of 10°.
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(f) 78 m. Note: the different dot color represents the different BH.

It is interesting to note that ASU and HSU reach their maximum values in opposite
directions, with ASU reaching its maximum value near due east and west and its minimum
value near due south and north, while HSU reaches its minimum value near due east and
west and its maximum value near due south and north.

The influence of building height on PV potential (SAggg, SSgpp) is small, and the
changing pattern of PV potential with orientation is basically the same for different heights
(Figures 14-16). When the building height is lower than 30 m, SAgq is the largest at 60° S.W.
and 30° S.E.; when the building height is higher than 30 m, SAgg is the largest at 30° S.W.
In the process of turning the building orientation 180° counterclockwise from due east to
due west, the SSggg increases first and then decreases after reaching the peak. The optimal
orientation range of the residential area PV potential is from 15° S.W. to 15° S.E. with a
span of 30°.

8. Conclusions

In this study, five morphology indexes, including floor area ratio, building height,
building density, layout, and building orientation, which can be directly adjusted by
architects during the design process are selected. The study compares the sensitivity of these
multiple morphology indexes when changed collectively and assesses their comprehensive
impact on the SRA potential of residential areas. Using comprehensive comparative
analysis of Lhasa urban residential area morphology indexes based on the SRA potential,
the results show that:

1.  When considering the floor area ratio index under the condition that the land area
and gross floor area are determined, an increase in building density proves more
advantageous for enhancing SRA compared to an increase in building height. In
cases where the building height is less than 24 m and the floor area ratio is below
1.5, elevating the building density yields greater photovoltaic (PV) potential for the
residential area.

2. With a limited site area, the impact of building height on SRA far outweighs that of
the layout. The layout does not significantly affect the annual solar radiation amount
per unit of external surface area (ASU). With increasing building height, the impact of
layout on heating season solar radiation amount per unit external surface area (HSU)
becomes more pronounced. The vertical staggered layout and the row layout exhibit
significantly superior performance compared to the horizontal staggered layout in
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this regard. However, when the building height exceeds 24 m and the floor area ratio
surpasses 1.5, the PV potential of the vertical staggered layout surpasses that of the
row layout and the horizontal staggered layout for the same building height.

3. For building orientation and building height, building height has a slightly greater
effect on SRA than orientation. The change pattern of the same SRA index with
orientation is basically the same under different heights. Among them, the best
orientation range of annual SRA is from 75° S.W. to due west with a span of 15°, the
best orientation range of heating season SRA is from due south to 10° S.W. with a
span of 10°, and the best orientation range of PV potential is from 15° S.W. to 15°
S.E. with a span of 30°. The optimal orientation of annual SRA is the opposite of the
optimal orientation of heating season SRA.

There are still some limitations to this study, which should be studied in the future:

1.  The study has a limited geographical scope, focusing solely on the residential areas
of Lhasa. The applicability of the conclusions under multiple climate zones will be
investigated based on a larger sample in follow-up studies.

2. The study solely concentrates on the residential buildings within the residential area,
taking little consideration of the presence and impact of nearby public buildings. The
interrelationship between these residential buildings and public buildings is not taken
into consideration. In future research, it would be valuable to expand the scope of
the investigation to include public buildings within residential areas. Examining how
public buildings shade neighboring residential buildings from solar radiation can
provide a more precise analysis of the correlation between residential area morphology
and SRA potential.

3. In this study, the utility of the BP neural network for predicting residential area
SRA potential has been affirmed, which is a widely applicable research pathway for
investigating the relationship between residential area morphology design and SRA
potential in any climate zone. The subsequent research will focus on expanding the
training sample set and condensing the summary of research findings even further,
which will further improve the accuracy to reach the ideal state and thus provide
more convenient, intuitive, and accurate guidance for the design phase.
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