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(S I N N

Abstract: Block morphology refers to critical parameters influencing building energy performance
on the block scale. However, analysis of the combined effect of block morphological parameters on
building energy consumption with real blocks is lacking. In this paper, the aim is to evaluate the
combined effect of office block morphology on building energy consumption in the context of the
hot-summer-and-cold-winter zone in China. First, a workflow for the energy assessment of office
buildings with the coupled block morphology on the block scale was proposed with evaluation tools.
Seventy office blocks in Wuhan were taken as examples and then classified based on building layout
typology and building height. Afterwards, the morphological parameters and building energy use
intensity (EUI) for different blocks were calculated. Then, the combined effect of block morphology
on the buildings” energy consumption was evaluated and the model on predicting the building
energy consumption of office blocks was proposed. Finally, based on the results, low-energy design
strategies were projected for office blocks. The results illustrated that the effect of block morphology
on building cooling, heating, and lighting is EUI 28.83%, 28.56, and 23.23%, respectively. Building
shape factor (BSF), floor area ratio (FAR), average building height of block (BH), and average building
depth of block (BD) are effective block morphological parameters. The key morphological parameters
which combined affect the building energy consumption of office blocks are BSF and FAR; BSF has
1.24 times the effect on building energy consumption than FAR. The workflow built in this paper can
be applied to other cities around the world for promoting sustainable cities.

Keywords: office blocks; building energy consumption; block morphology; combined effect; multiple
regression analysis; energy-saving strategies

1. Introduction
1.1. Background

The world is in the midst of its first global energy crisis, and to tackle it, the IEA has set
out its analysis of energy supply per capita in three scenarios. The three scenarios are the
stated policies scenario (STEPS), announced pledges scenario (APS), and net zero emissions
by 2050 (NZE) scenario [1]. Regional trends in per capita energy demand under these
three scenarios are shown in Figure 1. In the STEPS scenario, energy demand in developed
economies declines at a rate of 0.5% per year. Renewable energy applications and energy
electrification accelerate in the APS scenario, with a 17% reduction in fossil fuel demand in
2030 compared to the STEPS scenario. By 2030, energy demand in developing economies
will grow at more than 1.4% per year under the STEPS scenario. China and India alone
account for nearly 50% of energy growth [1]. Regional trends in per capita CO, emissions
in 2020 and 2030 of the APS are shown in Figure 2. By 2030, the US” CO, emissions are 30%
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lower in the APS than the STEPS scenario and per capita CO, emissions are reduced to
8 tonnes of CO; per capita, while China’s CO; emissions will be cut by 6.25% by 2030 [2].
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Figure 1. Regional trends in energy demand per capita under three scenarios [1].
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Figure 2. Regional trends in per capita CO2 emissions in 2020 and 2030 of the APS [2].

According to the International Energy Agency, the sectors of building and building
construction together are accountable for nearly a third of the total global energy con-
sumption, and almost 15% of direct CO; emissions in 2021 [2]. Therefore, there is a global
consensus to save energy consumption in buildings. With the support of national poli-
cies [3,4], China is showing a trend towards the development of green buildings on a larger
scale. Urban blocks in China consist of a multitude of functions, which include commercial,
residential, industrial, office, etc. Office blocks account for greater than 50% of the floor
area of public buildings, and the energy consumption per square meter of floor area of
office buildings is 2.4 times higher than that of urban residential buildings [5]. Office blocks
play a vital role in the development of urban green blocks.
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1.2. Literature Review
1.2.1. Urban Building Energy Modeling

With the continuous expansion of research on building energy consumption and
the further development of computer technology, building energy consumption models
at the building level are increasingly unable to meet the application requirements of
the quantitative energy consumption assessment of building groups in complex urban
environments, and it is difficult to make technical support available for the formulation of
energy-saving targets and energy policies at the macro level of cities [6]. Therefore, it is
urgent that we study urban building energy consumption.

City information modelling (CIM) has become a research hotspot in recent years,
as it can be used as a support decision tool for urban management, sustainable urban
development, and smart city construction [7]. Urban building energy modeling (UBEM)
is a domain of CIM implementation [8]. UBEM is a bottom-up, physics-based approach
for simulating the thermal performance of new or existing neighborhoods and cities [9].
Urban Reinhart and Cerezo Davila [10] defined building energy modeling (UBEM), which
is an expanding area in modelling building energy, which covers a spatial scale from
an urban block to a district for a whole city [11]. It is presently understood that urban
building energy performance is dependent upon four dimensional factors [12], which are,
respectively, (1) urban block morphology, (2) building design, (3) systems efficiency, and
(4) occupant behavior (Figure 3). Block morphology refers to the critical parameters
affecting building energy consumption on the block scale.

. Urban context Building Systems Occupants Energy
] g k=] 2.
Urban climate }» v=7 }»‘ v=x25 }»‘ V=x2 }»‘ V=x2 ’»‘ performance

Figure 3. Factors that affect building energy consumption [12].

1.2.2. The Effect of Block Morphology on Building Energy Consumption

Block morphology is an effective means of controlling the energy consumption of
buildings [13,14], which can affect around 10% to 30% or more of a building’s energy
consumption [12,15]. Shareef and Altan [16] carried out a study on the impact of sinuous
morphology on building energy consumption in Dubai, the results of which showed that
the building energy for cooling can be reduced by 4.9% when buildings are arranged to be
alternating in urban blocks. Bat et al. researched the relationship between urban courtyard
morphology and building energy consumption in different climates (cold, temperate, hot,
and arid climates) [17], the results showed that, in temperate climates, a courtyard with
less width and a medium-depth shape allowed a reduction of building energy demand of
about 58%. Bansal and Quan [18] studied the relationship between the urban form and
energy consumption of residential buildings in different local climate zone contexts in
Seoul, with the electricity and gas dataset; the results demonstrated that the local climate
zone explained 16.2% and 13.2% of the variance in electricity and gas use, respectively.
Deng et al. [19] carried out the effect of the residential block layout morphology on the
building energy consumption for heating in cold II B zones in China; the research results
showed that increasing the spacing between residential buildings can reduce heating energy
consumption by 4%. Li et al. [20] studied the relationship between block morphology and
household building energy consumption in Ningbo, China, with a real-block morphology
and utility bill data of 534 household in 46 residential blocks; the results showed that the
building energy consumption increases by 9.1%, when the floor area ratio increases per
unit. In addition, other scholars have conducted empirical studies on the prediction of
building energy consumption [21] and the identification of key morphological parameters
affecting building energy consumption [22] using real-world data.

Some scholars have begun to study the correlation between block morphology and
building energy consumption based on block-prototype morphology. Vartholomaios [23]
carried out the effect of block morphology on the domestic energy consumption of heating
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and cooling in a Mediterranean city based on a parametric sensitivity analysis with the
block prototype. The results showed that the difference in cooling and heating energy
consumption due to morphological parameters in different urban density blocks ranges
from 13.96% to 22.08%. Shi et al. came up with a parametric method to investigate the
relationship between block morphology and building energy consumption in a Singapore
urban context using the block prototype [24]. Other scholars have studied the correlation
between block morphology and building energy consumption from different perspectives,
using the block prototype in different climate zones [16,25-27]. Due to the complexity of
real urban blocks, the use of the block prototype cannot fully restore the characteristics of
real blocks and thus guide urban design and architectural practice. It is therefore necessary
to carry out a study of the building energy consumption based on a real-block morphology.

Most of the current scholarly research on the impact of block morphology on building
energy consumption is focused on the relationship between a single block morpholog-
ical parameter and building energy consumption. Andersena and Sattrup studied the
effect of the urban canyon morphology on the energy consumption of office buildings
using a qualitative approach in the context of Copenhagen, a temperate marine climate
zone. The findings demonstrated that the geometry morphology of urban canyons had
an impact on the total energy consumption of office buildings by up to 30% [15]. Shareef
studied the impact of urban block morphology and the building’s height diversity on the
building energy consumption of residential blocks, using a qualitative approach in the
desert climate zone of Dubai city. The results indicated that the main effect on the cooling
energy consumption in urban blocks was from the orientation of the building, with a 6.4%
reduction in the N-S orientation compared to NW-SE [28]. Mangan et al. evaluated the
effect of morphological parameters such as building height to street width, orientation,
and building type on the energy consumption of residential buildings, using a qualitative
approach in temperate-humid zones. The findings indicated that increasing the building
height of rectangular-pavilion, rectangular-slab, and square-pavilion residential buildings
can reduce building energy consumption by 14%, 8%, and 18%, respectively [29]. Zhang
et al. investigated the relationship between urban block morphology and building energy
use in the urban context of Singapore, with thirty generic urban residential block cases in
six typologies. The results showed that differences in urban block types can lead to up to
12 times the rate of reduction in building cooling loads and 25% reduction in the net energy
use intensity of buildings, under identical planning conditions and design properties [30].

It has been found that building energy consumption is affected by multi-block mor-
phological parameters [18,31-33], However, the mechanisms of the combined effect of block
morphological parameters on building energy consumption have not been evaluated in
detail, especially using a real-block morphology in the hot-summer-and-cold-winter zone
in China. Such knowledge will play a vital role in optimal design approaches in the future
for the low-energy design of office blocks. Immediate improvements in understanding the
effect of block morphological parameters on building energy consumption are required.
Particularly, preceding research which provides accurate evaluations of the building energy
consumption of office blocks in China is very limited, and few applicable works of research
have been carried out in relation to climatic conditions such as those in central China.
Studies carried out under real climatic conditions are essential, because the existing studies
have shown that the building energy consumption of office blocks in different climate zones
show different characteristics of results [34].

1.3. Research Aim

In this context, this study aims to quantify the combined effect of block morphology
on office building energy consumption, focusing on the following three issues:

e  Are there differences in building energy consumption distribution characteristics
among different office blocks? If so, to what extent?

e Do block morphological parameters have an effect on building energy consumption?
If so, what morphological parameters? To what extent?
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e  What are the key morphological parameters that have a combined effect on building
energy consumption in office blocks?

2. Methodology

The research workflow for this study is shown in Figure 4. It can be divided into four
major steps: (1) access to 3D model data of office blocks; (2) building energy simulation
(BES) workflow; (3) BES model validation; and (4) statistical analysis and proposal of design
strategies.

1 1
\ Step2 . 1 | # BES workitow for office blocks
1 * 3D mq

I Step3 1
1 BES model 1

validation
\ 1

Figure 4. Workflow of holistic approach with four major steps.

2.1. Access to 3D Model Data of Office Blocks

A combination of Open Street Map and satellite maps was used to obtain information
about the floor plan and dimensions of office blocks through field research combined with
street maps to obtain information about building heights and window-to-wall ratios, and
then to build a 3D model. This method has been proven to be scientifically sound and
feasible by academics [35]. To ensure the accuracy of the energy simulation results, the
acquisition of 3D model data of office blocks includes three aspects: (1) Selection of samples:
The selected samples cover the whole city to make the selected samples representative.
(2) Calculation of morphological parameters: Morphological parameters include average
building width of block (BW), average building depth of block (BD), average building
height of block (BH), width-to-depth ratio of block (W /D), height-to-depth ratio of block
(H/D), building shape factor (BSF), building coverage ratio (BCR), and floor area ratio
(FAR). (3) Acquire data used for the building energy simulation: The data include window-
to-wall ratio of buildings, building envelope, occupancy rate, the operation rate of lighting
and equipment, etc.

2.1.1. Selection of Samples

In order to ensure that the selection of samples reflects the overall characteristics of
office blocks in Wuhan, the block samples selected for this paper should satisfy several
principles: (1) the land area of sample should be less than 1 km?; (2) the building function
of the block is mainly office; (3) the number of buildings in the block should be no less than
3, so as to give the block a distinct group character; and (4) the samples selected are built
after the year 2000, in order to avoid excessive differences in thermal performance among
office block buildings.
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Based on the above principles, seventy office block samples in Wuhan were se-
lected. Of these, 60 samples were used to develop building energy prediction model and
10 samples were used for model validation. The geographical distribution of the selected
samples in Wuhan is shown in Figure 5.

Figure 5. The distribution of office block samples.

2.1.2. Classification of Office Block Samples

The research aims to find the combined effect of block morphology on building energy
consumption on the block scale. In addition, the purpose of classifying office blocks is to
reconcile the research findings with the process of planning and design. Through field
surveys and literature review [36], it can be found that office blocks in China show a certain
consistency in terms of floor plan layout. Office blocks in China are usually composed of
multiple buildings, mostly in the form of pavilion, slab, and courtyard layouts. The office
buildings are mainly in the range of 1-6 storeys, 7-12 storeys, and 13-25 storeys. This is
mainly due to the mandatory national code requirements for lighting and fire evacuation
in office buildings [37,38]. Based on the above description, this study uses a combination of
building layout and building height to classify office blocks.

Three layout typologies of blocks, namely, pavilion, slab, and courtyard [12,39-41],
and three building height of blocks, namely, multi-storey, mid-rise, and high-rise [42], were
selected to analyze and compare block morphological parameters and building energy
consumption. Based on building layout type and building height type, this paper classified
office blocks into the following seven categories: pavilion multi-storey, slab multi-storey,
courtyard multi-storey, mid-rise pavilion, mid-rise slab, high-rise pavilion, and high-rise
slab. The detailed classification results are shown in Table 1.

2.1.3. Calculation of Block Morphological Parameters

The block morphology is in reference to the spatial configuration of urban land use
within a block area [43]. After the urban block design is put forward, several block mor-
phological parameters can be defined to describe the block, and this also corresponds
greatly to energy demand. The block morphology parameters selected in this paper should
be considered in block design practice. The calculation equation of each morphological
parameter is shown in Figure 6. This paper accurately studied the building energy con-
sumption of office blocks with different morphological typologies through the analysis of
block morphological parameters. The morphological parameters of different block samples
are shown in Appendix A.
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Table 1. The classification results of real office block samples.

Building Building Building Layout Block
Height Type Height Type Typology Block 3D Model Block Sample
. Courtyard Cou'rtyard
Multi-storey H<24m multi-storey
office blocks -
Pavilion Pavilion

multi-storey

Slab Slab multi-storey
Mid-rise office 24<H<50m Pavilion Mid-rise pavilion
blocks
Slab Mid-rise slab
High-rise office 50 <H < 100 m Pavilion High-rise pavilion
blocks

Slab High-rise slab
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Figure 6. Calculation equation of block morphological parameters.

2.2. Building Energy Simulation (BES) Workflow
2.2.1. BES Workflow for Office Blocks

The building energy simulation workflow(Figure 7) was built based on Rhino and
Grasshopper platform, invoking the Energy Plus [44,45] simulation core, which was run in
the Rhino Ladybug module [33,39,46]. The workflow was divided into four sections: (a) 3D
model generation; (b) the setting of simulation parameters; (c) building energy simulation;
and (d) result output.

2.2.2. 3D Model Generation

Firstly, the building plans were drawn in Rhino based on satellite images, GIS plat-
forms, and geometric information obtained from field survey. Secondly, 3D building models
were created based on the storey number of buildings, at a height of 4 m. Thirdly, the
window-to-wall ratio script was used to automatically divide the windows of each building
facade. Finally, the office buildings’ thermal zone models of the block were established,
based on Honeybee Tools. The process of the 3D model generation is shown in Figure 8.
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Generation of building plan

based on satellite map

3D model generation

Figure 8. The process of 3D model generation.

2.2.3. The Setting of Simulation Parameters

Results output

Thermal zone models
generation

The building energy simulation parameters required the setting of external meteo-
rological conditions, building geometry parameters, and building physical parameters.
The meteorological data were obtained from China Meteorological Data Network. The
building geometry parameters were obtained through field survey combined with GIS.
The data about the building envelope of the blocks were obtained through literature sur-
vey combined with energy-saving report of typical office block project. The occupancy
rate, operation rate of lighting, and equipment of the office blocks were obtained from
questionnaire survey. The simulation parameters were set as shown in Tables 2 and 3.

Table 2. Parameter setting in the BES model-1.

Item

Parameter Setting

Occupancy
Rate

Operation
Rate of
Lighting

Operation
Rate of
Equipment

Temperature
set

Density

8am-7p.m.

(Mon.—Fri.)

9am-5pm.

(Sat.—Sun.)

8a.m.-7 p.m.

(Mon.—Fri.)

9am-5pm.

(Sat.—Sun.)

8am.—7p.m.

(Mon.—Fri.)

9am.-5p.m.

(Sat.—Sun.)
Cooling Set
Point (°C)

8am~9am. 9am-12am. 12am-lpm. 1lpm-2pm. 2pm-6pm. 6p.m-—7.pm.
0.17 0.96 0.04 0.81 0.96 0.23

8am-—9am. 9am-12am. 12am-lpm. 1lpm-=2pm. 2pm-6pm. 6p.m—7pm.
0.10 0.18 0.04 0.04 0.18 0.10

8am-9am 9am-12am. 12am-lpm. lpm-2pm. 2pm-6pm. 6pm-7pm.
0.06 0.96 0.86 0.92 0.96 0.75

8am-~9am. 9am-12am. 12am-lpm. 1lpm-2pm. 2pm-6pm. 6p.m-—7pm.
0.06 0.18 0.14 0.14 0.18 0.10

8am-—9am. 9am-12am. 12am-1pm. lpm=2pm 2pm-6pm. 6pm-7pm.
0.18 0.96 0.88 0.93 0.96 0.16

8am-9am 9am-12am. 12am-lpm. lpm-2pm. 2pm-6pm. 6p.m—7pm.
0.10 0.18 0.14 0.16 0.18 0.10

8a.m.—6 p.m. % Heating Set 8am.—-6p.m. Heating Set 18

(Mon.—Fri.) Point (°C) (Mon.—Fri.) Point (°C)

Occupancy density/(m?/person) 8

Lighting power density/(W/m?) 15

Equipment power density /(W/m?) 15
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Table 3. Parameter setting in the BES model-2.

Item Parameter Setting
. . N E S W
Transparent Window-to-Wall Ratio 0.5 0.3 0.5 0.3
Envel
nvelope Solar Heat Gain N E S w
Coefficient 0.48 0.44 0.44 0.44
Opaque Envelope Heat Transfer Exterior wall Interior wall Roof Floor slabs
paq PE€ Coefficient (W/(m2-K) 0.98 0.79 0.48 0.98
Heat Transfer Coefficient (W /(m?-K) 3.0 Floor-to-Floor Height(m) 4

2.2.4. Building Energy Simulation

The building energy simulation used the Honeybee module Energy Plus as the calcu-
lation kernel to calculate the building energy consumption of the office blocks. Energy use
intensity (EUI) [47,48] was used to denote the efficiency of building energy consumption
in this study, which is in reference to the annual energy consumption per unit area of a
building, typically expressed in kWh/ m2/ y.

Due to the fact that equipment energy consumption varies greatly from office buildings,
but it is not affected by the block morphology parameters [14]; therefore, equipment energy
consumption was excluded from the results and analysis. The building energy consumption
and the sum of cooling, heating, and lighting energy consumption, for each office block
buildings, were simulated and the annual EUI was calculated by Equation (1):

Total EUI = E (1)
Sa

Total EUI—the sum of cooling, heating, and lighting EUI
E—building energy consumption
Sa—Total floor area of office block buildings

2.3. BES Model Validation
2.3.1. Building Energy Data Measurement

The actual month-by-month building energy consumption of the office building in
Wuhan is measured by smart meter for the whole year of 2019. The investigation revealed
that the winter heating and summer cooling demand of the office building were met by
air conditioning; i.e., the electricity consumption data were representative of the annual
building energy consumption of the building. In addition, the month-by-month EUI data
for this building is shown in Figure 9.

2.3.2. BES Model Validation

The results simulated from the building energy model were compared with the mea-
surements that were recorded during field experiments. Figure 10 exhibits variations of
building energy consumption of office buildings month by month for a year (2019) and
establishes clearly that the simulated results agree soundly with the measurements, with a
deviation of less than 8.14%, which is within a reasonable margin of error [49,50]. Other
comparisons in fitness were also carried out, and the results demonstrate good agreement,
with an R? value of 0.87 (Figure 11).
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Figure 9. Building information and monthly electricity consumption data.
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Figure 11. Results of linear regression analysis.
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2.4. Correlation Analysis and Multiple Linear Regression Analysis

Statistical analysis methods such as correlation analysis [51] and multiple linear regres-
sion analysis [52] were used to study the extent to which block morphological parameters
affected the building energy consumption of office blocks. Firstly, correlation analysis
was conducted between the dependent variable (building EUI) and independent variables
(block morphological parameters) to examine the intensity of the statistical relationship
between variables. The Pearson correlation coefficient in the data analysis software IBM
SPSS 24.0 was used to carry out a correlation analysis between block morphology variables
and building EUI, and the result was obtained.

Multiple linear regression analysis has been conducted in numerous relevant stud-
ies [19,48,53]. This method was chosen to quantitatively analyze the relative significance of
eight block morphological parameters on building EUI. Each independent variable (block
morphological parameter) is linked to a value of the dependent variable (building EUI).
This means that researchers can analyze the impact of a morphological variable on build-
ing energy consumption after controlling for other morphological variables through the
established equation’s result. Thus, multiple linear regression analysis was carried out with
SPSS to propose the model for predicting building energy consumption coupled with block
morphology in office blocks and then revealed how adequately the block morphological
parameters can clarify the differences in building energy consumption among office blocks.

3. Results and Discussion
3.1. The Effect of Block Typologies on Building EUI
3.1.1. Building EUI for All Office Blocks

The building EUI for the sixty block samples are shown in Figure 12. The results
showed that courtyard multi-storey blocks had a maximum EUI of 56.63 kWh/m? /y, while
the minimum EUI for high-rise pavilion blocks was 52.80 kWh/m? /y. The average EUI
varies among block types by up to 7.0% due to differences in morphological parameters. For
the sixty samples, the results of the building energy consumption distribution characteristics
revealed that the EUI of the lowest sample C1-4, with 51.88 kWh/m? /y, was 13.82% lower
than that of the highest sample A3-5 with 59.05 kWh/m? /y, which was within the range of
the existing research threshold that block morphology affects building energy consumption
by around 10% to 30% or more [12,15]. Javanroodi et al. studied the effect of block
morphology on cooling load and ventilation potential. The results showed that the cooling
energy consumption and ventilation potential in Tehran can be optimized by more than
10% and 15%, respectively, due to the difference in block morphology [25]. Similarly,
another study which was based on hot and humid climates found a 16-18% reduction
in office building cooling energy consumption when the surrounding buildings were
taken into account [54]. Mangan et al. evaluated the effect of morphological parameters
such as building height to street width, orientation, and building type on the energy
consumption of residential buildings. The findings indicated that increasing the building
height of rectangular-pavilion, rectangular-slab, and square-pavilion residential buildings
can decrease building energy consumption by 14%, 8%, and 18%, respectively [29].

pavilion multi-storey | slabmulti-storey | courtyardmulti-storey | mid-rise pavilion i mid-ise slab i high-rise pavilion i highrisedab |
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Figure 12. Distribution characteristics of total EUI of sixty office block samples.

In the hot-summer-and-cold-winter zone in China, block buildings have a dual de-
mand for cooling in summer and heating in winter, while lighting energy consumption
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is a non-negligible part of office buildings. The distribution characteristics of the EUI
for cooling of the seven urban block typologies are shown in Figure 13. For the over-
all block samples, the cooling EUI of the lowest block high-rise pavilion (C1-5), with
15.95 kWh/m?2/ y, was 28.83% lower than that of the highest block slab multi-storey block
(A3-5), with 22.41 kWh/m?2/y. The distribution characteristics of the EUI for heating of the
seven urban block typologies are shown in Figure 14. The heating EUI of the lowest block
high-rise pavilion (C1-4), with 10.38 kWh/m?/y, was 28.56% lower than that of the highest
block slab multi-storey block (A3-5), with 14.53 kWh/ m?/ y. The distribution characteristics
of the EUI for lighting of the seven urban block typologies are shown in Figure 15. The
lighting EUI of the lowest block high-rise pavilion (C1-5), with 22.11 kWh/m?/y, was
23.23% lower than that of the highest block courtyard multi-storey block (A1-3), with
28.80 kWh/m?/y.

pavilion mulf-storey | slbmulti-storey | courtyard multi-storey | midrise pavilion 1 ‘mid-rise slab i high-rise pavilion | highrisestab |
| ! ! ! ! } !

EUI for cooling (Kwh/m'/y)

Figure 13. Distribution characteristics of EUI for cooling in seven typologies of office blocks.
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Figure 14. Distribution characteristics of EUI for heating in seven typologies of office blocks.
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Figure 15. Distribution characteristics of EUI for lighting in seven typologies of office blocks.

The relationship between the cooling, heating, and lighting building EUI did not increase
and decrease in the same way; there was a discounting phenomenon (Figures 13-15). This is
due to the fact that the trend in the EUI for cooling among different office blocks agrees
well with the trend in the EUI for heating, while the trend in the EUI for lighting is the
opposite of them. Therefore, it is difficult to judge the total building EUI change pattern by
the trend of the cooling, heating, and lighting building EUI; in addition to that, the total
building energy consumption should be controlled instead of the sub-energy consumption
when designing for low-energy office blocks.

3.1.2. Building EUI for Different Typologies

The characteristics of the building energy consumption distribution in different ty-
pologies of office blocks are shown in Figure 14, from which it can be seen that the building
energy consumption varies significantly among the different typologies of office blocks. In
terms of average building energy consumption, the pavilion high-rise (52.40 kWh/m? /y)
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and the slab high-rise (53.97 kWh/m?/y) typologies outperformed the slab mid-rise
(54.28 kWh/m?/ y) and the pavilion mid-rise (54.45 kWh/ m?/ y), while the pavilion multi-
storey (56.17 kWh/m?/y), slab multi-storey (56.60 kWh/m?/y) and courtyard multi-storey
(56.63 kWh/m?/y) had a higher EUI level.

The EUI for cooling, heating, and lighting in the seven typologies of blocks shows
a different distribution feature from the EUI for the total (Figures 16-19). The courtyard
multi-storey had the higher EUI level, but the cooling, heating, and lighting EUI for the
courtyard multi-storey was not the higher. The courtyard multi-storey block has the highest
total EUI due to several factors. The L-shaped office buildings are mutually shaded, and
the ventilation corridors underneath are poorly ventilated. The high wind resistance of
this block typology makes it challenging to remove heat from building surfaces in winter.
Conversely, building energy consumption is higher during summer. Additionally, mutual
shading affects natural lighting availability, contributing to the highest total EUI value for
this block typology.
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Figure 16. Distribution characteristics of total EUI in different typologies of office blocks.

24 -

2
1
1

)
S
1

=3
L

EUI for cooling (Kwh/m'/y)

H%%%@

14 T T T T T T T
Al A2 A3 Bl B2 cl c2

N
|

Figure 17. Distribution characteristics of EUI for cooling in different typologies of office blocks.

Taking into account the building layout and building height, the office block adopts
the high-rise pavilion and high-rise slab typologies, avoiding the multi-storey pavilion and
multi-storey slab ones, which can achieve the purpose of reducing the building energy
consumption of office blocks in the hot-summer-and-cold-winter zone in China.

Block typology is the external expression of block morphological parameters. In order
to analyze the differences in building energy consumption distribution characteristics of
different block typologies, it is necessary to research the quantitative relationship between
block morphological parameters and building energy consumption.
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Figure 18. Distribution characteristics of EUI for heating in different typologies of office blocks.
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Figure 19. Distribution characteristics of EUI for lighting in different typologies of office blocks.

3.2. The Effect of Block Morphology on Building EUI
3.2.1. Correlation Analysis between Block Morphology and Building EUI

Table 4 shows the results of the correlation analysis between the eight block mor-
phological parameters and building EUI of office blocks. If the significance value (Sig.)
is less than 0.05, then the independent variable and dependent variable are significantly
correlated. In this paper, the building EUI shows a significant correlation with all indepen-
dent variables, except BW. Figure 20 depicts the thermal matrix of correlations between
block morphological parameters and building EUI. Based on a linear regression analysis,
BSF was the most significant factor regarding building EUI, which accounted for 0.833 of
its Pearson correlation coefficient, and this was followed by FAR (PCC = —0.810), BH
(PCC = —-0.644), BD (PCC = —-0.623), W/D (PCC = 0.411), and H/D (PCC = —0.316). In
addition, BCR (PCC = —0.277) also had a significant impact, although to a lesser extent.

Table 4. Pearson correlation coefficient and p value in the linear regression relationship between
block morphological parameters and building EUI

Block Morphological Parameters PCC p Value
Average Building Width of Block (BW) —0.125 0.343
Average Building Depth of Block (BD) —0.0623 ** 0.000
Average Building Height of Block (BH) —0.644 ** 0.000
Width-to-Depth Ratio of Block (W /D) 0.411 ** 0.001
Height-to-Depth Ratio of Block (H/D) —0.316*% 0.014

Building Shape Factor (BS) 0.833 ** 0.000
Building Coverage Ratio (BCR) —0.277* 0.032
Floor Area Ratio (FAR) —0.810 ** 0.000

* means the correlation was significant at level 0.05; ** means the correlation was significant at level 0.01.



Buildings 2023, 13, 768

16 of 24

BW BD BH WD H/D BCR | FAR BSF EUL legend
BW 1 0.385 [ 0.022 | 0.573 [-0.138| 0.544 | 0.055 [=0.367|-0.125 1
BD 0. 385 1 0.432 [-0.503 | -0.104| 0.566 | 0.581 [=058034 -0.623 0.75
BH 0.022 | 0.432 1 =0.297| 0.815 [-0.046| 0.851 [=0.667|-0.644 0.5
WD | 0.573 | =0.503 | -0.297 1 0.029 | 0.009 | -0.399 0.364 | 0.411 0.25
H/D |-0.138(-0.104| 0.815 | 0.029 1 —0.33 | 0.588 | -0.243 | -0.316 0
BCR | 0.544 | 0.566 | -0.046| 0.009 | -0.33 1 0.263 [-0.341|-0.277 =0. 25
FAR | 0.055 | 0.581 | 0.851 |=0.399 0.588 | 0.263 1 -0.771 |-0. 810 -0.5
BSF |-0.367 |-0.803(-0.667| 0.364 |-0.243 (-0.341 | -0.771 1 0.833 =0, U
EUI |-0.125[-0.623|-0.644| 0.411 [-0.316|-0.277 [F=0:81"| 0.833 i -1

Figure 20. Thermal matrix of correlations between block morphological parameters and EUL

Among these significant independent variables, there is a positive correlation between
EUI and BSF and W/D, which suggests that building EUI is advanced with the increase
of BSF and W/D, whereas there is a negative correlation between EUI, and FAR, BH,
BD, H/D, and BCR, which indicates that building EUI is reduced with the increase of
these five variables. In addition, the larger the absolute value of the Pearson correlation
coefficient, the closer the relationship is. Among them, the representative morphological
parameters were BSE, FAR, BH, and BCR. Leng et al. researched the influence of block
morphology on building heating energy consumption, which demonstrated that there is
a high correlation between BD, FAR, and BH, and heating energy consumption in office
buildings, and a negative correlation between these morphological parameters and heating
energy consumption [48]. The results support the findings of this paper. In addition,
the results of another study about the analysis of building energy demand based on
block morphology in Macei6é showed that there is a positive correlation between BSF
and building energy consumption, while a negative correlation between BH, BD, and
FAR, and building energy consumption [55], which are consistent with the findings of
this paper. Similarly, studies have shown that there is a negative correlation between
FAR and energy consumption in office buildings [46,56]. Due to the multitude of urban
morphological parameters, there is variation in the morphological parameters selected by
different research scholars when studying different issues, which in turn generates some
interesting research findings. For example, this study found a correlation between BD,
W/D, H/D, and building energy consumption, which is an interesting finding.

3.2.2. Predictive Model for Building Energy Consumption with Coupled
Block Morphology

(1) Predictive model

Based on the correlation analysis results, this study removes the non-significant corre-
lation variables BW, BD, BH, W/D, H/D, and BCR. The remaining significantly correlated
block morphological variables are retained as independent variables, while building EUI is
considered the dependent variable for multiple regression analysis. To mitigate the impact
of collinearity variables, the study chose a step-by-step regression as the regression method,
with the following results obtained:

From Table 5 above, the results of the regression analysis showed that the building
energy consumption of office blocks was mainly affected by the combined effect of BSF and
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FAR, and the predictive model for building energy consumption with the coupled block
morphology of office blocks was as follows:

EUI = 52.047 + 26.682x BSF — 0.7FAR, R? = 0.755 2)

Table 5. Regression analysis results.

Unstandardized Coefficients Sctamfif? r.d ized
Dependent  Independent oefficients Si VIE R Square
Variables Variables Standard 18- (R?)
B Beta
Error
(Constants) 52.047 1.229 0.000
EUI BSF 26.682 5.244 0.514 0.000 2.464 0.755
FAR —0.700 0.171 —0.414 0.000 2.464

Concurrently, the regression analysis results also produce standardized coefficients
(Table 5). These coefficients allow for the comparison of the impact of block morphological
parameter variables on the dependent variable, despite having different magnitudes and
units. The standardization factor Beta is a quantitative indicator used to unify the different
quantitative units, which represents the efficiency of the morphological parameters on the
building energy consumption. The standardized coefficient for BSF was 0.514, while the
standardized coefficient for FAR was —0.414. The multiple correlation coefficient R? had
a value of 0.755. The determination coefficient R2 is a statistical measure that indicates
the fitting effect of the model. When R? is closer to 1, the better the fitting effect of the
model. Therefore, the equation showed a relatively high degree of fit, indicating satisfactory
and linearly related block morphological parameters with the dependent variable EUL In
other words, the prediction model of building energy consumption with the coupled block
morphology in office blocks had a high accuracy. Additionally, the result of the significant
value (Sig.) was 0.000 indicating that the prediction model has high statistical significance
and reliability.

From the energy flux perspective, the energy gain and loss of an office building is
determined by the solar heat gain from the building surface, the heat exchange between
the building and the outdoor environment, and the heat loss from the building. On the
one hand, the mutual shading of the building group in the block reduces the solar heat
gain of the buildings, which in turn reduces the building energy consumption for cooling
in summer and increases the building energy consumption for heating in winter. This is
supported by the study of Wong et al. [57]. On the other hand, the building fabric geometry
impacts the thermal conduction and convection; the larger the building shape factor of the
block building groups, the more thermal conduction and convection there is between the
building and the outdoor environment, resulting in increased building energy consumption
for cooling in summer and reduced building energy consumption for heating in winter.
The study of Martilli provides evidence for this view [58].

The three-dimensional spatial relationship of the equation is shown in Figure 21. With
the per unit decrease in BSF, EUI can be saved by 2.67 kWh/m? /y (4.88% of average EUI),
while with the per unit increase in FAR, EUI can be saved by 0.7 kWh/m? /y (1.23% of
average EUI). The beta in this equation is BSF (0.514) > FAR (—0.414). From an energy-
efficiency perspective, both reducing the building BSF and increasing the FAR are effective
measures in reducing building energy consumption. Moreover, the former is a higher
priority than the latter.

The results of the multiple regression equation showed that the key block morphologi-
cal parameters combined which affected the building EUI of office blocks are the BSF and
FAR. Leng et al. investigated the relationship between block morphology and the build-
ing heating energy consumption of office buildings; the analysis results showed that the
heating energy consumption of office buildings is affected by both BSF and FAR [48]. This
finding is consistent with our research conclusions. The impact of urban block typology on
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building energy use was explored by Taleghani et al. who found that BSF is a significant
geometric factor, and the three-storey courtyard layout uses 22% less energy compared to
the one-zone layout [59].

Figure 21. 3D nonlinear surface for multiple regression equation.

(2) The predictive model validation

The proposed predictive model is validated through a comparison of the estimated
building energy consumption with the simulated values of 10 office blocks that were not
used in the model development (Table 6). Validation is measured using the coefficient
of variation of CV(RMSE). This approach provides a reliable indicator of model accuracy
and ensures that the model is capable of accurately predicting energy consumption for
buildings beyond the initial sample [60]. The equation of CV(RMSE) is:

Y i — )

CV(RMSE) = p—

®)

< | =

where y; is the building energy consumption predictive value of block i, 7= is the mean of
the building energy consumption simulated values, and n is the total number of blocks.
ASHRAE Guideline 14 [61] suggests that a CV(RMSE) value lower than 30% indicates
a reasonable estimation for predictive models. In this case, the calculated CV(RMSE) is
3.91%, indicating that the proposed predictive model for building energy consumption
with the coupled block morphology is highly accurate. This model can serve as a valuable
reference for exploring the relationship between block morphology and building energy
consumption in the hot-summer-and-cold-winter zone in China.

3.3. Limitations and Future Research

The building energy assessment tool for office blocks built in this study is constructed
based on the hot-summer-and-cold-winter zone in China, and it can be directly applied
to similar climate zones worldwide. For different climatic zones, the assessment tool
requires an adjustment of the meteorological parameters, thermal performance parameters,
window-to-wall ratios, and other simulation parameters before it can be applied. The
workflow proposed in this study can provide urban planners and designers with guiding
design indicators at the pre-design stage and policymakers with a reference to the range of
building energy use intensity indicators.
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Table 6. Block morphological parameters and EUI of block samples for model validation.
Block BW BD BH Predictive EUI  Simulated EUI

No- Typology m) @ m) m WP HD BSE BCR FAR gwhimly)  kWhim?fy)

1 Multi-storey 8260 3626  12.00 2.28 0.40 0.18  40.00% 1.20 56.01 57.50

2 Multi-storey 2823 1055  20.00 2.68 2.21 036  36.06% 1.80 61.11 62.53

3  Multi-storey 5459 1698  20.00 3.24 1.19 021  30.63% 1.53 56.58 57.86

4 Multi-storey 5174  21.66  20.00 2.39 0.74 016  3853% 1.93 54.97 56.38

5  Multi-storey 8515 2355  16.00 3.62 0.71 019  34.28% 1.37 56.16 57.73

6 Mid-rise 5496  14.82  24.00 3.71 1.62 022 31.73% 1.90 56.59 57.88

7 Mid-rise 4941 1535  24.00 3.22 1.58 022  3940% 2.36 56.27 57.75

8 Mid-rise 5140 17.06  24.00 3.01 1.48 021  21.99% 1.32 56.73 58.27

9 Mid-rise 39.34 1645  24.00 2.39 1.46 022  2386% 1.43 56.92 57.68

10 Mid-rise 55.95 1588  24.00 3.52 1.23 018  2875% 1.72 55.65 58.89

There are some limitations in this study that need to be addressed in future research.
In terms of research assumptions, this study focuses on the combined effect mechanism of
block morphology on building energy consumption. The simulation parameters need to
be set uniformly in the building energy simulation model. Therefore, the typical values
of the simulation parameters were obtained through field research and literature research
for setting, such as the building envelope, occupancy rate, operation rate of lighting
and equipment, and window-to-wall ratio. Future research should obtain more accurate
simulation parameters for each office block, such as the occupancy rate and operation rate
of lighting and equipment, and set them separately to improve the accuracy of the building
energy simulation.

The research methodology and workflow proposed in this paper offer new possibilities
for studying the correlation between block morphological parameters and building energy
consumption with limited research samples and relevant data, which met the statistical
requirements.

4. Conclusions

This paper quantitatively investigated the combined effect of block morphology pa-
rameters on the building energy consumption of office blocks in the hot-summer-and-
cold-winter zone in China, with Wuhan as a case study. Seventy office block building
energy consumption data and eight block morphology parameters of blocks are studied in
detail through a combination approach of simulation and statistical analysis. A model for
predicting the energy consumption of office blocks was proposed. Several conclusions can
be addressed here:

1. The results illustrated that block morphology impacted the total EUI by 13.82%.

2. The effect of block morphology on the building cooling, heating, and lighting EUI
was 28.83%, 28.56%, and 23.23%, respectively.

3.  The results of the correlation analysis demonstrated that BSF is the most significant
factor regarding EUI and this is followed by FAR (PCC = —0.810), BH (PCC = —0.644),
and BD (PCC = —0.623).

4.  The predictive model for building energy consumption with the coupled block mor-
phology for office blocks was as follows Equation (2).

5. The key morphological parameter which, combined, affect the building energy con-
sumption of office blocks are BSF and FAR, with standardized coefficients of 0.514 and
—0.414, respectively. BSF has 1.24 times the effect on building energy consumption
than FAR.

The findings of this work are applied to contribute a prospective block-scale energy
consumption assessment and energy-efficient design strategies for urban planners, design-
ers, and policymakers. The workflow proposed in this paper can be applied to other cities
around the world for promoting sustainable cities.
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Nomenclature

BW
BD
BH
W/D
H/D
BSF
BCR
FAR
EUI
PCC
R-squared (R?)
VIF
BES

Appendix A

Table A1. Block morphological parameters of 60 block cases.

Average Building Width of Block
Average Building Depth of Block
Average Building Height of Block

Width-to-Depth Ratio of Block

Height-to-Depth Ratio of Block
Building Shape Factor
Building Coverage Ratio

Floor Area Ratio

Energy Use Intensity
Pearson Correlation Coefficient

Goodness-of-Fit

Variance Inflation Factor

Building Energy Simulation

Block Typology  Block Samples BW BD BH W/D H/D BSF BCR FAR
Al-1 43.54 1574 2400 2.77 1.52 0.22 0.29 1.74

Al-2 50.09 23.05 20.00 2.17 0.87 0.18 0.33 1.65

Courtyard Al1-3 78.13 33.19 16.00 2.35 0.48 0.16 0.44 1.76
multi-storey Al4 45.97 14.27 20.00 3.22 1.40 0.24 0.26 1.30
Al-5 4258 13.69 24.00 311 1.75 0.25 0.22 1.33

Al-6 57.63 19.55 20.00 2.95 1.02 0.19 0.32 1.62

A2-1 4644 2451 23.33 1.89 0.95 0.17 0.30 1.78

A2-2 2643 23.13 24.00 1.14 1.04 0.21 0.18 1.10

Pavilion A2-3 34.74 24.40 20.00 142 0.82 0.20 0.30 1.49
multi-storey A2-4 6876 4031 20.00 171 0.50 0.15 0.33 1.66
A2-5 4000 2015 20.00 1.99 0.99 0.22 0.18 0.90

A2-6 46.34 23.94 16.00 1.94 0.67 0.19 032 1.26

A3-1 7278 2553 8.00 2.85 0.31 0.23 0.37 0.75

A3-2 59.33 18.80 20.75 3.16 1.10 0.20 0.29 1.51

A3-3 60.04 19.32 24.00 3.11 124 0.19 0.20 1.20

Slab multi-storey A3-4 4488 2120 2000 212 0.94 0.20 0.16 0.80
A3-5 34.38 16.26 17.93 2.11 1.10 0.25 021 0.90

A3-6 69.91 24.18 23.16 2.89 0.96 0.16 0.20 117

A3-7 7776 24.15 24.00 322 0.99 0.15 0.30 1.78

A3-8 8456  27.30 20.00 3.10 0.73 0.16 0.35 1.77
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Table Al. Cont.

Block Typology  Block Samples BW BD BH W/D H/D BSF BCR FAR
Bl-1 26.79 21.18 30.67 1.26 1.45 0.21 0.28 1.96

B1-2 41.78 25.36 28.29 1.65 112 0.16 0.28 2.40

B1-3 55.35 31.03 30.00 1.78 0.97 0.16 0.52 2.68

Bl-4 38.98 25.44 37.50 1.53 147 0.16 0.31 2.73

B1-5 4356 26.10 46.67 1.67 1.79 0.15 0.19 2.49

B1-6 3145 30.84 28.00 1.02 091 0.16 0.32 2.26

Mid-rise pavilion B1-7 4751 24.48 4133 1.94 1.69 0.15 0.24 2.59
B1-8 42.95 23.97 48.00 1.79 2.00 0.16 0.20 2.36

B1-9 33.44 19.10 36.00 1.75 1.89 0.20 0.26 2.28

B1-10 31.38 24.16 48.36 1.30 2.00 0.17 0.16 2.30

B1-11 33.56 25.82 4133 1.30 1.60 0.16 0.19 2.10

B1-12 41.24 25.50 28.00 1.62 1.10 0.16 0.21 2.14

B1-13 56.04 29.38 30.40 1.91 1.03 0.15 0.37 2.42

B2-1 52.20 21.32 30.91 245 1.45 0.18 0.31 2.05

B2-2 72.29 30.10 32.67 2.40 1.09 0.14 0.37 2.14

B2-3 49,51 23.86 40.44 2.07 1.69 0.16 0.30 2.30

Mid-rise slab B2-4 61.05 28.67 37.71 2.13 1.32 0.15 0.35 2.50
B2-5 53.43 19.90 42.86 2.68 2.15 0.17 0.23 2.31

B2-6 49.12 22,57 34.29 2.18 1.52 0.16 0.22 221

B2-7 51.76 25.22 38.22 2.05 1.52 0.16 0.26 2.24

C1-1 53.79 28.50 53.09 1.89 1.86 0.13 0.28 3.50

C1-2 41.64 31.13 56.00 1.34 1.80 0.15 0.29 3.45

C1-3 33.60 30.24 100.00 111 331 0.14 0.13 3.30

Cl-4 58.04 41.98 69.33 1.38 1.65 0.11 0.37 4.08

C1-5 92.54 4652 69.00 1.99 1.48 0.11 0.48 420

Cl-6 50.73 36.98 66.29 1.37 1.79 0.12 0.36 4.00

High-rise C1-7 34.84 3143 57.00 1.11 1.81 0.14 0.26 4.08
pavilion C1-8 3134 2197 44.00 143 2.00 0.18 0.25 414
C1-9 4136 34.59 50.86 1.20 1.47 0.13 0.35 427

C1-10 4215 33.25 53.14 1.27 1.60 0.13 0.32 434

C1-11 58.01 35.99 56.00 1.61 1.56 0.12 0.29 3.67

Cl-12 48.34 25.46 54.86 1.90 2.15 0.15 0.30 3.67

C1-13 55.90 32.35 50.40 1.73 1.56 0.12 0.32 3.86

Cl-14 56.75 34.27 76.00 1.66 2.22 0.11 0.38 432

C2-1 72.04 32.31 64.62 2.23 2.00 0.13 0.39 3.65

C2-2 58.47 24.28 50.67 241 2.09 0.14 0.28 357

High-rise slab C2-3 65.73 21.75 66.40 3.02 3.05 0.15 0.26 2.82
C2-4 69.06 33.26 73.14 2.08 2.20 0.11 0.25 3.50

C2-5 54.53 26.40 61.71 2.07 2.34 0.13 0.26 3.78

C2-6 52.33 16.45 90.40 3.18 5.50 0.18 0.20 421
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