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Abstract: Building energy waste has become one of the major challenges confronting the world today,
so specifications and targets for building energy efficiency have been put forward in countries around
the world in recent years. The schematic design stage matters a lot for building energy efficiency,
while most architects nowadays are less likely to make energy efficiency design decisions in this
stage due to the lack of necessary means and methods for analysis. An integrated multi-objective
multivariate framework for optimization analysis is proposed for the schematic design stage in
the paper. Here, the design parameters of the building morphology and the design parameters
of the building envelope are integrated for analysis, and an integrated performance prediction
model is established for low-rise and medium-rise residential buildings. Then, a comparison of the
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under different morphological parameters and design parameters of the building envelope are
summarized. Specific analysis methods and practical tools are provided in the study for architectural
design to ensure thermal comfort, lighting comfort, low energy consumption, and low life-cycle
cost requirement, and this design method can inspire and guide the climate adaptation analysis
and design process of low-rise and medium-rise residential buildings in China, improve architects’

perception of energy-saving design principles of low-rise and medium-rise residential buildings on
Academic Editor: Monica Siroux the ontological level, as well as provide them with a method to follow and a case to follow in the

actual design process.
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1. Introduction

1.1. Global Context

With the development of industrialization in various countries in the world, environ-
mental problems have become increasingly prominent. Since the mid to late 20th century,
countries in the world have successively proposed to reduce their dependence on fossil
fuels in the process of economic development in order to alleviate climate change. In the
field of construction, various countries have successively established green building associ-
ations and proposed evaluation standard systems for green buildings, such as Leadership
in Energy and Environmental Design (LEED), Building Research Establishment Environ-
mental Assessment Method (BREEAM), and National Australian Building Environmental
Rating System (NABERS), etc.
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As China’s economy advances quickly and urban population becomes highly con-
centrated, the number of urban residential buildings has seen a rise, increasing energy
consumption. According to statistics, China’s urbanization rate increased from 37.7% in
2001 to 59.6%, and the urban population increased from 155 million to 299 million in
2001 [1]. Rapid urbanization facilitates the advancement of construction industry and
drives the growth of energy demand, especially the electricity demand. Since 2001, a
construction area of over 1.5 billion square meters has been newly added each year, and
75% of these new buildings are residential buildings, which are used to accommodate the
growing urban population [2]. Energy-efficient building design decisions in the schematic
design stage largely determine the direction of the subsequent design process. However,
most architects now, due to their failure to find analysis methods for building performance
and lack of software exercising, are less likely to make design decisions from an energy-
efficiency perspective in the schematic design process. Energy-efficiency design is still a
concept under the framework of traditional architecture, and most design methods are
adopted without quantitative and scientific judging criteria for energy efficiency build-
ings, thus gradually marginalizing the function of architects in the field of low-energy
building design.

1.2. Literature Review

Currently, quite a lot of studies have been conducted on energy-efficient building
design study using multi-objective building performance simulation and optimization.
Alsousi et al. [3], who conducted a similar study of the area of Gaza, investigated 12 high-
rise dwellings in terms of thermal comfort and energy consumption. The researchers finally
found that most air-conditioning energy consumption of buildings in summer is caused by
the huge heat generated from walls, windows, and roofs. In addition, residents, daily living
facilities, and air infiltration will also increase the energy consumption of the building, but
it has a relatively small impact on the thermal performance of the environment and the
comfort of the residents. Enedri et al. [4] examined the thermal performance of multi-storey
residential buildings in southern Brazil. They recorded the thermal performance of eight
bedrooms on two floors and in four directions. Different variables were used in the study
to check various factors, such as the surface color, window shadows, and the thermal
properties of walls and windows. Finally, it was concluded that the heat transfer coefficient
of the envelope structure and the area of the building facade have the greatest impact on
the maximum temperature, which need to be minimized to improve the indoor thermal
environment in summer. Separately, the two variables, heat capacity and heat lag, have
the strongest correlation with the lowest temperature, so they should be maximized to
improve the thermal environment comfort in winter. Karyono et al. [5] investigated the
energy consumption and thermal comfort of buildings in Jakarta, Indonesia. Seven multi-
storey buildings with different cooling systems were surveyed, and different variables that
may affect human comfort, such as age, gender, and health status, were collected in this
study, but the final results showed that thermal comfort is less likely to be affected by age,
background, and other population differences. He also concluded that windows without
protection measures are more likely to cause excessive energy consumption in buildings,
and higher building energy consumption is also needed in thin walls to maintain a certain
degree of indoor thermal comfort. Meanwhile, the study emphasizes the importance of
the design phase for building energy efficiency due to its major role in reducing solar heat
gain. In order to minimize energy consumption, buildings must be designed according to
the local climate.

The impact of climate change on the building sector has also attracted mounting
attention of many scholars in related fields. A number of studies have investigated the
energy demand trends of buildings in different locations throughout the world. Jiirgen
schnieders et al. [6] adopted the same typical analysis model to analyze and compare the
design strategies of passive housing, including envelope design, air tightness, operation of
cooling coil, heat recovery equipment, and supply air temperature, etc. Citing examples
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of Yeka-Tlinburg, Tokyo, Shanghai, Las Vegas, Abu Dhabi, and Singapore, they proposed
the corresponding design guidelines for passive buildings. Fabrizio Ascione et al. [7] used
Matlab, EnergyPlus, and genetic algorithm to compare the multi-objective optimization of
residential buildings in typical cities in different climates in Italy, and obtained the envelope
design strategy for each climate zone. Letizia Martinelli et al. [8] selected six Italian cities
as representatives, including Aosta, Milan, Campobasso, Florence, Lecce, and Catania,
based on the climate data of each city in the past 30 years. The influence of courtyard-type
parameters, such as the ratio of height to width, on the humidity and thermal comfort of
the courtyards of various cities in different climate zones was analyzed.

Some studies have also focused on the influence of climate change on building per-
formance in different time periods. Additionally, Guan [9] summarized several different
methods for future climate data generation, including extrapolation statistical methods,
mandatory compensation methods, stochastic weather models, and climate models [10-13].
However, since the dry bulb temperature is the only consideration and other important
factors, such as solar radiation and humidity, are ignored, this method has been criticized
because of its inaccuracy [11,14]. In the UK, Belcher et al. [15] used the “morph” method
to predict future meteorological data and assess to what extent the future climate will
affect the energy consumption of buildings. Jentsch et al. [16,17] developed a climate file
generation tool in Microsoft Excel called CCWorldWeatherGen. This tool also facilitates the
climate prediction based on the “morph” method, but it can only predict future weather
data in specific time periods, i.e., 2020s, 2050s, and 2080s. Sabunas and Kanapickas [18]
used CCWorldWeatherGen tools and HEED software to study the impact of climate change
on the performance of residential buildings in Lithuania, and concluded that the total
energy consumption of buildings in the region will drop by 29.6% in 2080. Asimakopou-
los [19] studied the heating and cooling demand of residential, office, and educational
buildings under future climatic condition, reaching the conclusion that by 2100, under the
IPCC A2 scenario, heating demand may drop by about 50%, while the cooling demand
may increase by 248%.

1.3. Research Gap

From the literature review, it is crystal clear that current building climate-responsive
design studies shows a trend of gradual deepening and refinement over time, transform-
ing from traditional qualitative analysis to quantitative calculation based on building
performance simulation. Moreover, the coupling research between factors has gradually
increased, making the dimensions of analysis more diversified. The performance anal-
ysis based on building energy consumption as a single evaluation index has gradually
changed to a multi-dimensional evaluation standard that considers the light environment,
thermal environment, and wind environment comfort. In addition, thanks to the continu-
ous development of computer technology, the amount of data for building performance
simulation is also increasing. Based on performance simulation tools, some scholars have
carried out building energy efficiency analysis under the conditions of climate data in
different regions and different ages in order to evaluating building design parameters from
multiple perspectives.

However, it can be found from the literature review that the existing studies have
not referred to detailed analysis and comparison of performance evaluation indicators of
multiple dimensions specifically for urban low-rise and medium-rise residential buildings
based on different climate zones in China, as well as the establishment of a real-time
feedback platform that can be used by laypersons to facilitate the design decision process
on the basis of the simulation results of building performance under different climate
conditions. In real projects, most of the architects, real estate developers, and decision
makers of government consulting agencies who make design decisions have not received
special training in building energy efficiency design. It is very difficult for them to master
building performance simulation tools in a short period of time and make energy-efficient,
comfortable, and appropriate design decisions based on local climatic conditions. Therefore,
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it is necessary to provide a friendly and easy-to-use building climate-responsive design
platform for design decision makers who have not experienced building energy efficiency
training. In this platform, design decision makers can obtain performance evaluation
indicators in real time only by inputting corresponding design parameters, which can
facilitate building climate-responsive design decisions.

As a result, form parameters and design parameters of the building envelope are
integrated in this study for low-rise and medium-rise residential buildings under the
climatic conditions of five Chinese cities. A performance analysis framework is established
for lighting environmental comfort, thermal environmental comfort, building life cycle
cost, and total building energy demand, and accordingly, a building performance analysis
platform with real-time feedback is set up, thus ordinary users and designers, who are
not trained in how to use software of professional building physics and environmental
performance, have access to this platform, which facilitates the formation of energy design
decisions for residential buildings.

2. Methods

Meteorological documents of five typical cities in China (as shown in Figure 1) are
used in this study to compare the design parameters of building forms and building
envelope of low-rise and medium-rise residential buildings according to the performance
indicators of the objective function. A backward search is conducted to figure out the
design parameter laws of the building form and envelope in five typical cities. The
design parameters and objective functions, i.e., lighting environmental comfort, thermal
environmental comfort, building energy demand, and building life cycle cost, are integrated
in the study. A framework and a prediction model are established for multivariate multi-
objective optimization.

eHarbin
Beijing

eShanghai

Kunming.

e Shenzhen

Figure 1. Location of typical cities in China.
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This study is conducted mainly to construct an integrated analytical framework, as
well as develop a prediction model. The multi-objective optimization method integrating
different parts of the design parameters is shown in Figure 2, where an integrated opti-
mization process can be divided into the following steps: (1) in the design project, the
architect decomposes and screens the design elements of the project through the control
over the site and the design specification, thus excluding the judged design constraints;
(2) then, the basic design elements are divided on the basis of the spatial form design and
the building envelope design. The screening of these sub-elements is launched based on
the sensitivity analysis of a single design variable, and the screened design parameters
are selected to play a part in the next level; (3) on the basis of the well-determined design
parameters, the objective function is determined for the design objectives to ensure the ra-
tionality of the mathematical model, and the parameterization platforms (e.g., Grasshopper,
Ladybug/Honeybee, and Colibri/Octopus) are adopted to build an integrated simulation
and optimization process for building performance. When a large number of parame-
ters are involved in the integrated simulation, the Monte Carlo method is adopted to
extract random simulation sample data and build a prediction model, which is used to
integrate multi-objective optimization algorithms, thus realizing the backward search of
design parameters.

2.1. Parametric Performance Analysis

An analysis of the building environment and energy consumption modeling is con-
ducted based on parametric platforms like Rhino/Grasshopper, with Ladybug and honey-
bee as plug-ins for environment analysis, as shown in Figure 3.

In Grasshopper, a parametric plug-in for the modeling software Rhinoceros 3D,
a program, is created by simple dragging and dropping of the parametric command com-
ponents onto the canvas, as well as the connection of the inputs and outputs of the different
logical order components. Grasshopper, as a graphical algorithm editor, offers new ways to
extend and control the process of 3D design and modeling. For example, in Grasshopper,
a complex geometry is generated through mathematical functions, and a complex model
is driven and rapidly changed based on environmental performance algorithms under
predefined modeling logic [20,21].

Ladybug and Honeybee, as Grasshopper plug-ins, are free computer applications that
support environmental design by connecting 3D computer-aided design (CAD) interfaces
to software Daysim and Radiance used for the lighting environmental analysis, as well
as to the validated simulation engine EnergyPlus. Daysim and Radiance [22] are widely
used in the analysis and evaluation of the lighting environment of buildings to predict the
lighting environment via simulation of the real physical environment. It is also used to
comprehensively calculate the influence of direct light, diffused light, and reflected light
on the ground on the natural lighting of the room in all weather including a sunny one,
overcast one, cloudy one, and more in the whole year.

EnergyPlus, a building dynamic energy simulation software developed by the U.S.
Department of Energy and Lawrence Berkeley National Laboratory based on the features
and functions of BLAST and DOE-2.1E, is designed to provide integrated (load and system)
simulations for accurate prediction of energy, temperature, and comfort. EnergyPlus, a tool
widely used in most current building energy analysis studies, can be used to simulate heat-
ing, cooling, lighting, ventilation, and other energy flows and humidity in buildings, and it
is particularly suitable for simulating dynamic behavior strongly influenced by thermal
inertia [23]. EnergyPlus acts as a main simulation engine because it has an irreplaceable
advantage over some other simulation software.
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Figure 2. Multi-objective optimization method integrating design parameters of different parts.
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Figure 3. Parametric building optimization process.

2.2. Setting of Performance Evaluation Objectives

The evaluation indicators for climate adaptability design of buildings include lighting
environmental comfort and thermal environmental comfort, building energy consumption,
and building life cycle cost. To facilitate the parametric modeling and analysis later, the
theoretical basis of these four evaluation indicators is described and the relevant design
influences are specified in this subsection.

(1) lighting environment evaluation index

The lighting conditions inside buildings have become even more important due
to COVID-19 restrictions, which led to online working and education becoming more
popular. Some studies have considered lighting conditions in residential housing in
different climate zones [24,25].

Tables 1 and 2 summarize the pros and cons of static and dynamic building lighting
environment analysis indicators. The static indicators include illumination, uniformity of
illumination (Uyp), daylight factor (DF), Unified Glare Rating (UGR), and Scope of View.
The static lighting environment evaluation index is simple, intuitive, and easy to calcu-
late. It is suitable for index control under general conditions, but it cannot distinguish
the differences in a lighting environment’s performance under the influence of different
climatic factors, and it cannot distinguish the different types of buildings. Moreover, it
is impossible to evaluate various technical measures, such as the auxiliary lighting sys-
tem. The dynamic daylighting evaluation indicators including Daylight Autonomy (DA),
Continuous Daylight Autonomy (DAcon), and Useful Daylight Illuminance (UDI), which
take into account the characteristics of different climate zones. It takes one hour as the
step length to reflect the annual illuminance level, which is close to the actual situation.
The practicability of dynamic daylighting evaluation indicators is significantly better than
that of static indicators. Such indicators not only consider the role of daylighting auxiliary
systems, but also evaluate their advantages and disadvantages, thereby providing support
for low-energy design [26].

This study uses the lighting environment evaluation index as one of the optimization
objectives, and conducts a coupling analysis with the building’s annual cooling and heating
demand. The dynamic daylighting evaluation index is more convenient to evaluate the
design parameters from the time scale of the whole year, which is in line with the purpose
of this study. Therefore, this study uses the Useful Daylight Illuminance (UDI) as the index
of lighting environment optimization. The UDI indicator is mainly used to evaluate the
dynamic lighting quality of indoor spaces, and takes into account the part where the actual
illuminance of the indoor working surface exceeds the design illuminance at a certain time
and may cause glare. This indicator expresses a range value. Within this range, the surface
illumination level meets the requirements of indoor work. Nabil and Mardaljevic [27]
proposed the effective illuminance range value in 2005: 100 Ix < UDI < 2000 1x, below 100 Ix
indicates that the indoor working surface illuminance is seriously insufficient, and 2000 Ix
or more may cause glare, which will adversely affect the indoor light and heat environment.
Therefore, the UDI of residential buildings should be divided into three intervals, namely,
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the annual percentage of 100 Ix and below, 100-2000 1x, and 2000 Ix and above to evaluate
the indoor light environment quality.

Table 1. Static lighting environment evaluation index.

Index Pros Cons
1.  Based on the CIE full overcast sky model, the climate condition of the
building is not considered;
) ) 2. The building type, orientation, and location are not considered;
DF Itis easy to calculate and suitable 3. Only considering the most unfavorable situation, it is impossible to
for regulation control evaluate the illuminance which meets the standard
4. The influence of glare or auxiliary lighting system (such as shading) cannot
be evaluated
1. Theillumination uniformity of the space environment can only be
U It is simple, easy to calculate and evaluated simply; o
0 suitable for regulatory control 2. Artificial lighting and natural lighting are evaluated separately, so the
overall performance cannot be considered
UGR AVOl.d direct .gl.a.re apd ensure the The discomfort glare index used is static and only for artificial lighting
quality of artificial lighting
) ) 1.  The way and quality of viewing scope are not considered;
Sc.ope of ~Emphasis on the importance of the 5 The building typology, orientation, and location are not considered;
View scope of vision 3. Unable to evaluate auxiliary lighting system (such as shading)
Table 2. Dynamic lighting environment evaluation index.
Index Proposer Concept Characteristic
Percentage of cggmlati\{e tim.e that 1. The index of the whole year is good
Reinhart and can meet the minimum illuminance 5, Considering different sky types, it can be used for
DA requirement by relying solely on CIE and PEREZE, and applicable is good
Walkenhorst (2001) L , ’ 1% g
daylighting in the whole year’s 3. There is only lower limit and glare is not considered
working hours
o 1. The step length of the whole yearis 1 h
Percentage of cumulative time 2. Reflect energy saving potential, suitable for lighting
UDI Marglaljevic and during the whol‘e yee‘lr’s V\{orking energy consumption evaluation
Nabil (2005) hours with daylight illuminance 3. Reflect the level of uncomfortable natural lighting
between 100-2000 1x and control glare
Use a trade-off coefficient to Make up for the defect that DA ignores the illumination
DA Rogers (2006) consider the part where the below the lower limit, and use the trade-off coefficient
con & daylight illuminance is less than the = method to supplement the energy-saving contribution of
minimum design illuminance the illuminance value below the lower limit

(2) The indicator of thermal environmental comfort

In the building, a system for heat exchange and heat transfer includes the forms
of conduction, radiation, and convection upon the interaction of internal and external
factors. It mainly includes indoor-outdoor heat exchange through the external building
envelope, heat generated by sunlight coming in through windows, inner heat gain of
building, and convection heat transfer generated due to air flow in various openings of
the building [28-32].

It is found from a large number of studies that a significant regression correlation
exists between the indoor thermal neutral temperature and the monthly average outdoor
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temperature. This phenomenon is described by the “black box” theory of automatic control.
The input signal of the “black box” is the amount of physical stimulus that affects human
thermal comfort, and the output signal of the “black box” is the thermal sensation of
human comfort. The invisible elements in the “black box” involve variables influencing
architectural design and human heat exchange, etc.

When people are exposed to a thermal environment, the body will respond under
the effect of physiological adaptation. A thermal equilibrium will be established by the
body’s thermoregulatory system within a certain range of environmental variables, and
meanwhile, it can be expressed in thermal sensation. Fanger created a thermal comfort
model based on this theory. When feeling uncomfortable in an environment, the user will
adopt adaptive behaviors to gain thermal comfort. In this study, the adaptive model is
used to assess the thermal comfort of the building.

(3) The indicator of building energy demand

Heating, air conditioning and cooling, lighting and ventilation, and household appli-
ances serve as sources of building energy consumption, which is generated through heat
conduction, heat convection, and heat radiation between buildings and the environment.
Building heating and air conditioning and cooling are the largest contributors to building
energy consumption [33-35].

This study is optimized with a focus on the net building energy demand, which
mainly refers to the energy required by indoor thermal environment control in line with the
building specifications. The calculation of the net energy demand is determined by indoor
and outdoor climatic conditions, and meanwhile, indoor heat gain, solar heat gain, and
natural lighting, as well as heat loss due to the thermal properties of the building envelope
(e.g., heat transfer and air infiltration), need to be taken into account.

The annual building energy demand is defined as the sum of the cooling and heating
loads of all apartments. The energy demand generated by domestic hot water and electrical
equipment is not calculated here. In this study, the HVAC system performance coefficient
is assumed to be 1, so the energy demand can be extracted directly from the simulation
result of EnergyPlus.

(4) The indicator of the building life cycle cost

In the design for building climate adaptability, the thermal comfort and building
energy consumption need to be taken into account on the one hand, and the investment
and benefits within the building life cycle need to be considered on the other hand, thus
evaluating design decisions on a longer time scale. There are many ways to evaluate
the building life cycle cost, such as the net present value, annuity, internal rate of return,
rate of return on investment, etc. The concept of global cost is introduced by Energy
Performance of Building Directive recast, EPBD2010 as a measure of the economic efficiency
of a building life cycle. In this study, the life cycle cost is calculated with reference to the
Energy Performance of Building Directives.

The concept of global cost and the calculation method defined by EPBD can be referred
to in CEN technical reports TR 15615 [36] and EN 15459 [37]. The global cost calculation
is based on a net present value approach to assess the long-term economic status of the
project, so the investment cost is not the only consideration for cost assessment, and all
other energy-related life cycle costs need to be considered. It is worth noting that only
energy-related costs are considered as part of the global cost, while costs brought by
environmental impacts, like construction, material transportation, and more, are excluded
here, so the global cost is not in line with the assessment method of the whole life cycle.

The global cost equation can be written as Equations (1)-(3) [37]:

30
Cr+ X [Cei* Ry(i)]
GC=—"=

1
Afloor @
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Ryti) = LR @
R — R,
Ry = 1+ R, (3)

In the equation, GC represents the global cost of the building life cycle; C; is the initial
investment cost (yuan); C, ; is the energy cost (yuan) in the year of i; R;(i) is the discount
rate in the year of i; A, is the total floor area (m?); R, is the effective interest rate set at
3%; R, is the price increase rate of energy set at 1.2%; R; is the market interest rate set at
4.25%; and the life cycle used should be 30 years in length in cost analysis. In addition, the
building energy demand is assumed to remain unchanged during the calculation period.

2.3. Prediction Modeling

Optimization algorithms provide solutions to complex problems, but there is a big
limitation, i.e., when there is a huge number of optimization solutions, hundreds or even
thousands of simulation evaluations are required to gain the best solution. The integrated
optimization design of building performance usually involves a huge amount of data,
making the optimization simulation very time-consuming and difficult to be operated in
practical applications. The metamodel method is adopted by many researchers to build
approximate models based on the stochastic simulation data in building performance
optimization to demonstrate the overall characteristics of the building performance sim-
ulation data. For instance, Magnier and Haghighat [38] once used metamodel to solve
multi-objective optimization problems, and they used 450 TRNSYS simulation data sets to
train and validate a metamodel of the artificial neural network (ANN), which was then
combined with a genetic algorithm to optimize the thermal comfort and energy consump-
tion of the building. Asadi et al. [39] also used 950 TRNSYS data sets to train the ANN
metamodel, which was then combined with genetic algorithms to evaluate the performance
of building remolding projects. Yu et al. [40] used 100 EnergyPlus simulation data sets
to train the ANN metamodel, which was then combined with Non-dominated Sorting
Genetic Algorithmu II (NSGA-II) to optimize the energy efficiency and thermal comfort of
a typical model.

It is found from the available metamodel research literature that most researchers used
artificial neural network methods as a metamodel for analysis optimization. Sampling
methods (e.g., Latin Hypercube sampling (LHS)) are used to obtain a small number of sta-
tistically representative samples to train ANN, thus decreasing the number of simulations
of building properties to the largest extent and improving the optimization efficiency. Once
the ANN metamodel is established, it can be dynamically coupled with the optimization
algorithm to find the Pareto optimality for the optimization objective.

The basic process of metamodeling:

1.  Representative input samples are created to train and validate the metamodel
(see Figure 4).

2. The selected sample input data is simulated to obtain the corresponding output data

(see Figure 4).

The input and output sample data are used to train the metamodel.

4.  Different indicators are used to validate the ANN metamodel.

«®

Figure 5 depicts a conceptual comparison of the computational cost (or the time
required) of the metamodel-based optimization method and that of the optimization
method based on classical simulation. Most time in the classical method is used in the
model simulation, while the time for the metamodel optimization method is mostly spent
on the simulation of the sample data, with a small amount of the time spent on the training
of the metamodel, thus reducing the overall time.
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Figure 4. Schematic diagram of data sampling for the decision space and target space involved in
multi-objective optimization.

Direct optimization based on classical simulation
AN

-~

Calculated time cost

y

Optimize algorithm operation
Building performance simulation

Metamodel training

Metamodel evaluation

C

\p
Optimization method based on meta-model

Figure 5. Metamodel-based optimization method and optimization method based on classical simulation.

Since a large amount of data is usually involved in parametric simulations, a method
based on Monte Carlo and ANN is proposed in the study to improve the computational
efficiency. According to this method, a prediction model with a high fit degree is established
on the basis of extracting a certain number of random simulation results to characterize the
whole data.

ANN, as an information processing system mainly derived from the imitation of the
human brain structure and function, is built based on a collection of connected units or
nodes of artificial neurons with certain threshold values, which are usually adjusted and
weighted as they learn. The increase and decrease of weights affects the signal intensity
at the connection parts [41,42]. In the actual modeling process, researchers can obtain an
accurate network model only by limiting the topological structure of the neural network,
as well as training and testing the network model using known input and output data as
samples of learning and testing [43]. The specific structure is shown in detail in Figure 6.
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Figure 6. Structure of the neuron network of BP algorithms.

3. Modeling
3.1. Determination of Typical Cities in China

An analysis was conducted for climate types and energy efficiency codes of China
in the study. Meteorological data (EPW files) of typical cities is typical local annual
meteorological data downloaded from the official website of EnergyPlus, mainly referring
to parameters like the temperature of an outdoor dry bulb, relative humidity, solar radiation,
and wind direction and speed.

China is located on the west coast of the Pacific Ocean, and its climate is mainly
influenced by, and complicated by, the variability of the terrain. Monsoon circulation [44]
in “The Standards for Thermal Design of Civil Buildings GB50176-93” promulgated in 1993
in China. The country is divided into 7 primary building climate zones and 20 secondary
building climate zones based on the average temperatures of the coldest and hottest months
in each region of China (see Figure 7). The building climate varies more widely between
the primary zones than that between the secondary zones.

Five typical cities, including Harbin (severe cold region I), Beijing (cold region II),
Shanghai (hot-summer and cold-winter region III), Shenzhen (hot-summer and warm-
winter region IV), and Kunming (mild region V), are selected from climate zones I, 11, III,
IV, and V according to the building climate zoning in China (see Figure 1).

The heating area and non-heating are set with Qinling Mountains-Huaihe River
as a dividing line in China. Centralized heating starts in areas north of the Qinling
Mountains-Huaihe Rivers in mid-November each year, and lasts for four months until
mid-March. While in some areas (such as northern cities like Harbin), the heating time will
be extended due to climate, and in areas south of the Qinling Mountains-Huaihe Rivers,
collective heating measures have not been taken so far, but some communities will be
heated according to actual needs. The heating time is listed for typical cities in Table 3
based on a survey of the actual heating conditions in each city at present.
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Figure 7. Zoning map of building climate zones in China.

Table 3. Typical cities selected according to building climate zoning.

Climate Zone Typical City H?;:i;%lls)f gee Heating Period (Day/Month) Healilz%l;l;)urs
Severe cold area I Harbin >3800 20/10to 15/4 24 h
Cold region II Beijing 2000-3799 15/11t0 31/3 24h
Hot summer and cold Shanghai 700-1999 There is no mandatory requirement -

winter area III

Hot summer and
warm winter area IV

There is no mandatory requirement
Shenzhen <500 (according to the actual demand, heating time -
is not set in the simulation)

Temperate region V

There is no mandatory requirement
Kunming <2000 (however, it is set to 15/12 to 1/3 in the -
simulation according to the actual demand)

3.2. Selection of Reference Buildings

The reference building selected for the study is the Tianbao Gold Coast Community
in Binhai New Area, Tianjin, as shown in Figure 8. The community consists of a clubhouse,
townhouses, foreign-style houses, and high-rise buildings, as shown in Figures 9-11. Four
foreign-style houses stand side by side with separate entrances. There is one staircase and
two estates in the townhouses and multi-story residential buildings, and a row of buildings
is divided into two units. The floor area of each apartment type varies in size, but they all
consist mainly of functional rooms and auxiliary spaces, such as kitchens and bathrooms.
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Figure 8. Location of Tianjin Tianbao Gold Coast Community.

Figure 9. Actual photos of Tianjin Tianbao Gold Coast Community.

A digital model needs to be established in the study based on the type analysis of the
reference building to facilitate parametric performance analysis. The benchmark model is
established with a 5-story residential building in Tianjin Tianbao Gold Coast Community
as the reference building, as shown in Figures 12 and 13. For a better analysis, only the
simplest square shape is chosen for the parametric typical model, and the difference in the
shape coefficients of the building is used to distinguish point residential buildings from
strip residential buildings, so that the data control of only one typical parametric model
can represent residential buildings of different types and different floors.
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Figure 10. Distribution of residential types in Tianjin Tianbao Gold Coast Community.
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Figure 11. The two-dimensional planning of Tianjin Tianbao Gold Coast Community.

With the basic parameters of the reference building summarized in Table 4, based
on the relevant parameters and the logic shown in Figure 14, software Grasshopper La-
dybug/Honeybee is used to establish the simulation process of building performance
simulation shown in Figure 15.
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Figure 12. Baseline model.
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Figure 13. Factors in parametric modeling of residential buildings.
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Table 4. Parameters of the baseline model.

. Baseline
Type Subcategory Parameter Category Unit Model
Location Climate Climate data - Tianjin
Number of floors - 5.00
Net height of per floor m 3.00
Total height of per floor m 3.00
Width (S/N direction) m 14.7
Building type Width to length ratio - 1.76
Building form 0.394 (South)
arameters Window-wall ratio (WWR) - 0.258 (North)
P 0.227 (total)
Orientation deg 0
Volume m3 4948.6
Geometry Total exterior area m? 1526.6
parameters Area of all floors m? 1566
Shape coefficient - 0.308
Desien heating transmittance of external wall (average value) W/m2K)  0.56
parargneters of Ground floor heating transmittance (average value) W/(m?K)  0.46
building Building envelope  Roof heating transmittance (average value) W/(m?K) 071
envelope Window heating transmittance (average value) W/m2K)  3.30
Solar heat gain coefficient (shading coefficient) - 0.60
Behavior Inc.loor heat gain (lighting, appliances and occupancy rate, W/m? 5
daily average)
Building Heating set point temperature °C 20
operating Control and Cgollng set point ’Fer.nperature o C 26
parameters operation settings Air change rate (airtightness and ventilation) vol/h 0.8
p & Timetable—Option 1: IG/VE/H/C * N. 0
Timetable—Option 2: IG/VE/H/C * N. 0/0/1/2

Architecture

* IG: Indoor heat gain, VE: Ventilation, H: Heating, C: Cooling.

Building thermal
performance parameters

E Simulation

Data driven

- 8 [9]:
i [ OpenStudio ————{ Energy demand calculation ||

Figure 14. Modeling logic of the Grasshopper platform.

Collect results

JIterative simulation
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Figure 15. Process description of Grasshopper.

4. Results
4.1. Prediction Modeling of Integrated Building Performance

The method of integrating building forms and establishing models for design param-
eters of the building envelope is described in Table 4 with the house types of residential
houses in Tianjin Tianbao Gold Coast Community as the example. The length, width, and
height of the residential building and other related parameters are extracted in the study
for control settings. The design parameters of building forms are listed in Table 5, where
different combinations generated from the parameters will produce 258,048 variations.
Three different working conditions are defined for the envelope according to the insulation
thickness and thermal conductivity coefficient, as shown in Table 6.

Table 5. Setting for optimal design parameters of building forms.

Direct Control Parameters

Classification Number Design Variables Unit  Step Size Value
Al Length of building front elevation m 16;20;24;28
Parameters of A2 length-width ratio - 2;1.5;1
spatial forms A3 Number of floors - 1;2,3;4;5;6;7
A4 Standard floor height m 2.7;3;3.3
A5 Building orientation °© —45;0;45;90
B1 Window-wall ratio of east elevation % 25,35;45;55
Parameters of B2 Window-wall ratio of west elevation % 25;35;45;55
window forms B3 Window-wall ratio of south elevation % 25;35;45;55
25;35;45,55 Window-wall ratio of north elevation % 25;35;45;55

Indirect impact parameters

Building width

Building shape coefficient

Floor area ratio

m 8;10;10.67;12;13.33;14;16;18.67,;20,24;28
0.085-0.589
(48 variations in total)
0.08-3.43

0,
o (61 variations in total)




Energies 2021, 14, 8223

19 of 44

Table 6. Three types of parameter settings of working conditions for the building envelope of low-rise and medium-rise

residential buildings.

Working Condition 1
(Thickness of High
Insulating Layers,

Working Condition 2
(Thickness of
Medium Insulating

Working Condition 3
(Thickness of Low
Insulating Layers,

N Design Variables Low Thermal Layers, Medium High Thermal
Conductivity Thermal Conductivity Conductivity
Coefficient) Coefficient) Coefficient)
1 Solar radiation absorption rate of exterior 0.25 0.25 0.25
wall surface [-]
5 Solar radiation absorption rate of the 04 04 04
roof surface [-]
3 Thickness of external wall insulating layers [m] 0.12 0.06 0
4 Thickness of roof insulating layers [m] 0.12 0.06 0
5 Thickness of ground insulating layers [m] 0.12 0.06 0
6 Thickness of exterior brickworks [m] 04 0.35 0.25
Thermal conductivity coefficient of exterior
7 brickworks [W/mK] 0.25 0.5 0.9
Density of exterior brickworks [Kg/ m3] 600 1400 2000
8 Thickness of roof brickworks [m] 04 0.35 0.25
Thermal conductivity coefficient of roof
9 brickworks [W/mK] 0.25 05 0.9
Density of roof brickworks [Kg/ m3] 600 1400 2000
10 Thickness of floor brickworks [m] 04 0.35 0.25
04 Ground thermal conductivity coefficient [W/mK]  0.25 0.5 0.9
Density of floor brickworks [Kg/m?] 600 1400 2000
12 Window type [-] Double glazing, argon gas filled, low emissivity coating, PVC frame

(U =1.90 W/m?2K, SHGC = 0.69, initial investment cost = 1989 ¥/m?)

A simulation analysis is performed in this study based on the parameter settings
in Tables 5 and 6, and a prediction model is established. The neural network model’s
performance in the training set and validation set is demonstrated in Table 7, and the
results show that the error of the neural network is controlled to an acceptable range. In
total, 100 data sets are selected randomly from the test sets in the study for comparison with
the prediction results of the neural network, thus visually demonstrating the prediction
ability of the neural network model, and the results are shown in Figures 16-19.

Table 7. Fitting degree of the neural network prediction model.

MAE MSE R?
Training set Building energy demand 0.153 0.018 0.997
Lighting environment (UDI indicator) 0.047 0.007 1.000
Thermal environment (DH indicator) 0.261 0.203 0.996
Global cost 0.089 0.012 0.999
Test set Building energy demand 0.241 0.125 0.939
Light environment (UDI index) 0.059 0.078 0.992
Thermal environment (DH indicator) 0.038 0.068 0.993
Global cost 0.184 0.113 0.941
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Optimal Linear Fit: A=(0.980)T+(1.084)
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Figure 16. Prediction model of building energy demand.
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Figure 17. Prediction model of indoor lighting environmental comfort.
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Optimal Linear Fit: A=(0.970)T+(2.277)
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Figure 18. Prediction model of indoor thermal environmental comfort.
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Figure 19. Prediction model for building global cost.
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4.2. Analysis of Correlation between Architectural Design Parameters and Performance Indicators

Based on 10,000 sets of data obtained for each city during the stochastic simulation,
IBM SPSS Statistics 24 is used in this study to analyze the Spearman’s rank correlation
coefficient between the parameters and the building energy demand, with the results of the
corresponding analysis shown in Tables 8-12. As can be seen from the table, for these four
objective functions, the spacial form parameters of residential buildings in each typical
city are generally higher than the window form parameters, because the Spearman’s rank
correlation coefficient of the window form parameters in each typical city is generally
lower than 0.2, i.e., the correlation between the four objective functions is extremely weak.
Among the spacial form parameters of the building, the length-width ratio of the front
elevation has a greater influence on the building energy demand, lighting environmental
comfort, and global cost than on the indoor thermal environmental comfort while the
number of floors has a much greater influence on the thermal environmental comfort than
on the building energy demand, lighting environmental comfort, and global cost. There
is a weak correlation between the standard floor height, and building energy demand
and global cost, while the standard floor height has very little influence on the indoor
lighting environmental comfort and indoor thermal environmental comfort. Unlike the
above form parameters, the building orientation has an extremely weak influence on all
four objective functions. Relative to the building form parameters (including the spatial
form parameters and window form parameters), the envelope design parameters have an
influence on the other three objective functions in addition to the lighting environmental
comfort to different extents under different typical urban climatic conditions. Under the
climatic conditions of Harbin, Beijing, and Shanghai, these parameters have the greatest
influence on the building energy demand, and Spearman’s rank correlation coefficients in
these 3 cities are respectively 0.851, 0.768, and 0.659, thus a strong correlation is established
here. These parameters have the strongest correlation with global cost under the climatic
conditions in Shenzhen, with a Spearman’s rank correlation coefficient of —0.407, and these
parameters have the strongest impact on the thermal environmental comfort under the
climatic conditions in Kunming, with a Spearman’s rank correlation coefficient of —0.768.
In the latter paper, the design parameters that have a large impact are extracted for further
study based on the analysis of Spearman’s rank correlation coefficient, in the context of the
neglect of unimportant design parameters.
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Table 8. Comparison of Spearman’s rank correlation coefficients of the design parameters of building forms in Harbin.

Harbin
(Severe Cold Region I)
Classification Number Description BED * UDI * DH * GC*
Correlation Sienificance Correlation Sienificance Correlation Sionificance Correlation Significance
Coefficient & Coefficient & Coefficient & Coefficient &
Al Length of building —0272 0.000 —0.669 0.000 ~0.239 0.000 ~0.562 0.000
front elevation
Spatial form A2 Length-width ratio 0.358 0.000 0.387 0.000 0.192 0.000 0.425 0.000
parameters A3 Number of floors ~0.108 0.013 ~0.103 0.018 0.018 0.000 ~0.581 0.000
Ad Standard floor height ~ 0.229 0.000 0.016 0.713 0.013 0.763 0.256 0.000
A5 Building orientation 0.040 0.363 0.020 0.639 0.048 0.274 0.056 0.201
Bl Window-wall ratio of ) 1 0.057 0.006 0.888 ~0.018 0.677 0.076 0.082
east elevation
. B2 Window-wall ratio of ) ¢ 0.524 0.012 0.784 0.001 0.976 0.038 0.380
Window form west elevation
parameters : ~ :
B3 Window-wall ratioof ) 0.280 0.167 0.000 0.008 0.855 0.074 0.089
south elevation
B4 Window-wall ratio of ) 15 0.321 ~0.058 0.187 0.053 0.224 0.082 0.059
north elevation
Envelope design = ) Type of working 0.851 0.000 0.022 0.612 0.199 0.000 ~0.089 0.041
parameters conditions

BED *: Building Energy Demand, UDI *: Useful Daylight Illuminance 100-2000 1x, DH *: Discomfort Hours, GC *: Global Cost.
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Table 9. Comparison of Spearman’s rank correlation coefficients for the design parameters of building forms in Beijing.

Beijing
(Cold Region II)
Classification Number Description BED * UDI * DH * GC*
Correlation Sienificance Correlation Sienificanc Correlation Sienificanc Correlation Sienificanc
Coefficient & a Coefficient & ance Coefficient & € Coefficient 8 ance
Al Length of building ~0.336 0.000 —0.461 0.000 ~0.109 0.006 —0.548 0.000
front elevation
A2 Length-width ratio 0.000 0.000 0.247 0.000 0.024 0.553 0.388 0.000
Spatial form
parameters A3 Number of floors ~0.091 0.022 ~0.058 ~0.058 ~0.908 0.000 ~0.525 0.000
Ad Standard floor height ~ 0.222 0.000 0.000 0.126 0.007 0.864 0.258 0.000
A5 Building orientation Building 0.692 0.003 0.943 —0.010 0.800 ~0.031 0.434
orientation
Bl Window-wall ratio of - _ 0.062 0.023 0.558 0.031 0.433 0.027 0.496
east elevation
. B2 Window-wall ratio of ) ., 0.415 ~0.011 0.790 0.017 0.669 0.012 0.758
Window form west elevation
parameters : ~ :
B3 Window-wall ration of ) - 0.160 0.038 0.344 ~0.056 0.157 0.037 0.355
south elevation
B4 Window-wall ration of ) 5, 0.748 ~0.033 0.404 0.016 0.690 0.068 0.089
north elevation
Envelope design ) Type of working 0.768 0.000 ~0.004 0.924 ~0.197 0.000 ~0.293 0.000
parameters conditions

BED *: Building Energy Demand, UDI *: Useful Daylight Illuminance 100-2000 1x, DH *: Discomfort Hours, GC *: Global Cost.
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Table 10. Comparison of Spearman’s rank correlation coefficient of the design parameters of building forms in Shanghai.

Shanghai
(Hot-Summer and Cold-Winter Region III)
Classification Number Description BED * UDI * DH * GC*
Correlation Sienificance Correlation Sienificance Correlation Sienificance Correlation Sienificance
Coefficient & Coefficient 8 Coefficient & Coefficient 8
Al Length of building ~0.453 0.000 0.000 0.000 ~0.125 0.002 ~0.533 0.000
front elevation
. A2 Length-width ratio 0.328 0.000 0.530 0.000 0.078 0.078 0.458 0.000
Spatial form
parameters A3 Number of floors ~0.093 0.020 ~0.120 0.002 ~0.856 0.000 ~0.479 0.000
Ad Standard floor height ~ 0.272 0.000 0.087 0.030 ~0.061 0.000 0.213 0.000
A5 Building orientation  0.022 0.589 0.006 0.880 ~0.001 0.982 0.001 0.983
Bl Window-wall ratio of = 0 0.045 0.082 0.041 0.027 0.506 0.070 0.078
east elevation
. B2 Window-wall ratio of ;) 0.011 0.113 0.005 0.004 0.927 0.088 0.027
Window form west elevation
parameters . ~ .
B3 Window-wall ratio of ) 1 0.487 0.077 0.054 0277 0.000 ~0.102 0.010
south elevation
B4 Window-wall ratio of = 0.111 0.083 0.037 0.090 0.024 0.076 0.056
north elevation
Envelope design = ) Type of working 0.659 0.000 —0.054 0.000 —0.457 0.000 0.000 0.000
parameters conditions

BED *: Building Energy Demand, UDI *: Useful Daylight Illuminance 100-2000 1x, DH *: Discomfort Hours, GC *: Global Cost.
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Table 11. Comparison of Spearman’s rank correlation coefficient of the design parameters of building forms in Shenzhen.

Shenzhen
(Hot-Summer and Warm-Winter Region IV)
Classification Number Description BED * UDI * DH * GC*
Correlation Sienificance Correlation Sienificance Correlation Sienificance Correlation Sienificance
Coefficient & Coefficient & Coefficient & Coefficient 8
Al Length of building Significance  0.000 —0.397 0.000 ~0.170 0.000 —0.524 0.000
front elevation
. A2 Length-width ratio 0.458 0.000 0.458 0.000 0.088 0.088 0.384 0.000
Spatial form
parameters A3 Number of floors ~0.046 0.239 ~0.148 0.000 ~0.598 0.000 —0.477 0.000
Ad Standard floor height ~ 0.245 0.000 0.000 0.239 ~0.010 0.000 ~0.010 0.000
A5 Building orientation 0.078 0.211 0.007 0.858 0.009 0.820 0.039 0.322
Bl Window-wall ration of ) 105 0.036 0.024 0.540 0.000 0.061 0.083 0.036
east elevation
. B2 Window-wall ratio of ) .0 0.005 0.005 0.399 0.045 0.253 0.055 0.159
Window form west elevation
parameters . ~ .
B3 Window-wall ratio of - ;-5 0.056 0.116 0.003 0.009 0.819 0.039 0.324
south elevation
B4 Window-wall ratio of 1, 0.005 0.047 0.229 0.088 0.088 0.065 0.098
north elevation
Envelope design Type of working —0.204 0.000 ~0.013 0.748 ~0.013 0.000 —0.407 0.000
parameters conditions

BED *: Building Energy Demand, UDI *: Useful Daylight Illuminance 100-2000 1x, DH *: Discomfort Hours, GC *: Global Cost.
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Table 12. Comparison of Spearman’s rank correlation coefficient of the design parameters of building forms in Kunming.

Kunming
(Mild Region V)
Classification Number Description BED * UDI * DH * GC*
Correlation Sienificance Correlation Sienificance Correlation Sienificance Correlation Sienificance
Coefficient & Coefficient & Coefficient & Coefficient 8
Al Length of building ~0.507 0.000 ~0.440 0.000 ~0.154 0.000 ~0.501 0.000
front elevation
. A2 Length-width ratio 0.347 0.000 0.297 0.000 0.115 0.000 0.427 0.000
Spatial form
parameters A3 Number of floors —0.241 0.000 ~0.126 0.000 0.000 0.000 0.000 0.000
Ad Standard floor height ~ 0.253 0.000 0.000 0.000 ~0.045 0.000 0.295 0.000
A5 Building orientation —0.012 0.761 —0.009 0.000 —0.024 0.559 —0.043 0.292
Bl Window-wall ratioof ) - 0.086 0.008 0.845 0.043 0.294 0.062 0.126
east elevation
. B2 Window-wall ratio of ) ;.0 0.000 0.043 0.043 ~0.007 0.868 0.067 0.101
Window form west elevation
parameters . ~ .
B3 Window-wall ratio of -, ;- 0.161 0.129 0.002 0.023 0.023 0.084 0.039
south elevation
B4 North elevation 0.093 0.022 0.042 0.307 ~0.014 0.729 0.003 0.943
window-to-wall ratio
Envelope design Type of working 0.943 0.000 0.036 0.384 0.384 0.000 ~0.361 0.000
parameters conditions

BED *: Building Energy Demand, UDI *: Useful Daylight Illuminance 100-2000 1x, DH *: Discomfort Hours, GC *: Global Cost.
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4.3. Analysis of Integrated Building Performance

Based on the above analyses of Spearman’s rank correlation coefficient, three different
building form types are extracted from the integrated prediction model of building per-
formance. The analysis priority is the design parameters, which have a great impact on
the four objective functions, and the building performances of each building type, and the
building form type parameters under different working conditions of the envelope and
five typical urban climatic conditions are compared, as shown in Table 13 and Figure 20.

Table 13. Parameter setting of building forms for low-rise and medium-rise residential buildings.

Building type 1

Design variables Unit Parameter value
Length of building front elevation m 16;20;24;28
Length-width ratio - 1

Number of floors - 1;2;3;4;5;6;7
Standard floor height m 0.4
Building orientation ° 0
Window-wall ratio of east elevation % m
Window-wall ratio of west elevation % %
Window-wall ratio of south elevation % m
Window-wall ratio of north elevation % %

Building type 2

Design variables Unit Parameter value
Length of building front elevation m 16;20;24;28
Length-width ratio - 2

Number of floors - 1,2;3;4,5,6;7
Standard floor height m 3

Building orientation ° 0
Window-wall ratio of east elevation % 45
Window-wall ratio of west elevation % %
Window-wall ratio of south elevation % 45
Window-wall ratio of north elevation % %

Building type 3

Design variables Unit Parameter value
Length of building front elevation m 16;20,24,28
Length-width ratio - 2

Number of floors - 1;2;3;4,5;6;,7
Standard floor height m 3

Building orientation ° 90
Window-wall ratio of east elevation % 45
Window-wall ratio of west elevation % 25
Window-wall ratio of south elevation % 45
Window-wall ratio of north elevation % 25

Building form type 1

Building form type 2

Building form type 3

Figure 20. Three changes in building form types.
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The simulation results obtained under the three working conditions based on the
data in Table 13 are shown in Figure 21. The performance indicators of the parameter
changes under each different building type are averaged in the study to facilitate the
comparison of different building types and working conditions, with the data results
shown in Tables 14-16.
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Figure 21. Simulation results of 3 building forms under 3 envelope working conditions and 5 typical urban climatic conditions.

Table 14. Average performance indicators for building type 1 under each typical urban climatic condition.

Objective Function Harbin Beijing Shanghai Shenzhen Kunming
Working condition 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
BED (Heating) 7388 8430 20461 2880 343 10502 1066 1359 5730 001 02 467 115 203 23.60
[kWhp/m*a]
BED (C°°1§“g) 2111 19.70 1377 4033 3868 3676 5251  50.64 4955 10230  99.81 10735 1720 1500 6.38
[kWhp/m*“a]
BED (total) 9499 10399 21838 6913 7311 14178 6317 6424 10685 10231  99.83 11202 1835  17.03 29.99
[kWhp/m*a]
UDI100-20001x [%] 3623  36.23 3623 3623 3623 3623 3701 37.01 3701 3795 3795 3795 3845 3845 3845
DH [%] 7315 7058 5814 6466 6415 6074 6623 6450 6049 6837 6747 1975 5175 4961 37.03
2
gﬁg{gs{ 217641 221049 199927 212375 2147.62 184333 211162 21295 177221 219148 220238 178275 202031 203343  1615.73
2
IC[¥/m?] 1983.02 1998.77  1554.68 1983.02 1998.77  1554.68 1983.02 199877  1554.68 1983.02 1998.77 1554.68 1983.02 1998.77  1554.68
Investment cost
able 15. Average performance indicators for buildin: e 2 in eac ical urban climatic condition.
Table 15. A f dicators for build 2 h 1 urban climat dit
Objective Function Harbin Beijing Shanghai Shenzhen Kunming
Working condition 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
BED (Heatzmg) 10021 11454 23818 4143 4965 12025 1798  22.77 6665 035 0.59 5.46 291 472 26.79
[kWhp/m*“a]:
BED (C°°12mg) 27.04 2554 1693 5422 5259 4368 6881  67.02 5777 13622 13397 12465 2305 2057 807
[KkWhp /m*a]:
BED (total) 12725 14008 25512 9565 10224 16393 8679  89.79 12442 13657 13456 13009 2596 2529  34.86
[kWhp/m*“a]
UDI 100-2000 Ix [%]: 4192 419 4192 4436 4436 4436 4436 4436 4436 4576 4576 4576 4545 4545 4545
DH [%] 5646 5524 6144 6485  64.82 60.84 6734 6574 6093 5338 5335 5305 5010 4926  36.79
27.
g%ﬁ{gs{ 265528 2699.00  2436.87 259095 262196 225124 257290 2596.63  2170.81 267424 2687.78 218234 2449.06 246530 1988.47
27.
IC [¥/m”]: 239621 2423.82 191750 239621 2413.82 1917.50 239621 241382 191750 239621 2413.82 191750 239621 2413.82 1917.50

Investment cost
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Table 16. Average performance indicators of building type 3 under the climatic conditions of each typical city.

Objective Function Harbin Beijing Shanghai Shenzhen Kunming

Working condition 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

BED (Heatzmg) 10208 11633  239.85 4343  51.69 12253 1824  23.02 67.02 023 0.56 543 2.83 162 26.60

[kWhp/m*#a]:

BED (C°°l§“g) 2884 2742 1855 5843  56.80 w17 7317 7141 6163 14184 13976 13020 2435 2222 981

[KkWhp/m*a]:

BED (total) 13092 14375 25839 101.86 10848  169.70 9141  94.44 12865 14207 14033 13564 2719 2684 3641

[kWhp/m*“a]

UDI 100-2000 Ix [%]: 4073 4073 4073 4363  43.63 4363 4363  43.63 4363 4398 4398 4398 4391 4391 4391

DH [%] 57.90  57.79 6271 6485 6479 6122 6696 6523 6111 5679 5649 6030 5134 4929 4038
27.

Sﬁéﬁfi‘;sl 266274 270647 244355 2603.57 263468 226298 2582.31 260608 217940 2685.65 269951 2497.18 245156 246847 1991.62
21.

IC [¥/m”]: 239621 2413.82 191750 239621 2413.82 1917.50 239621 241382 191750 239621 2413.82 191750 239621 2413.82 1917.50

Investment cost

In terms of the building energy demand, building form type 3 has the highest total
energy demand for all working conditions, followed by building form type 2, and then
by building form type 1, which has the lowest total energy demand. For all building
types, except for building types 2 and 3 under the climatic conditions of Shenzhen, the
total energy demand in working condition 3 is higher than that in working conditions
1 and 2, probably because the thickness of low insulating layers and the high thermal
conductivity coefficient are more likely to facilitate building heat dissipation and energy
efficiency under the climatic conditions of Shenzhen. In addition, different typical cities are
compared, and under the climatic conditions in Harbin, the building heating demand is
higher than the building cooling demand for all building form types under all working
conditions; while under the climatic conditions in Shenzhen, the building cooling demand
is higher than the building heating demand for all building form types under all working
conditions. However, under the climatic conditions in Beijing, Shanghai, and Kunming,
different building types and working conditions lead to the difference between the heating
demand and cooling demand for residential buildings. Specifically, the cooling demand
is higher than the heating demand for residential buildings in Beijing, Shanghai, and
Kunming under working conditions 1 and 2, while the heating demand is higher than
the cooling demand for residential buildings in Beijing, Shanghai, and Kunming under
working condition 3.

It is found from the comparison of performance indicators of different building form
types under different working conditions that the lighting environment comfort is the
same for the same building type under the three working conditions, because the change
of the envelope parameters has no effect on the effective natural lighting illuminance in
the whole year. It is also found from the comparison of different building types that the
indoor lighting environment of building type 1 is worse than that of the other two building
types, while the indoor lighting environmental comfort of building type 2 is slightly better
than that of building type 3, possibly due to the different building orientations of these
two types.

In addition, there is a small difference between the thermal environmental comfort of
different building types under the same working conditions, because there is a small effect
of different building shape coefficients on the indoor thermal environment. For building
type 1, the percentage of thermal environment discomfort time (in one year) under working
condition 3 is lower than that under working condition 1 and working condition 2, while
for building types 2 and 3, the percentage of thermal environment discomfort time (in
one year) under working condition 3 is different from that under working condition 1 and
working condition 2 under the climatic conditions of different cities. Under the climatic
conditions of Harbin, the thermal environment comfort under working condition 3 is
worse than that under working conditions 1 and 2, while in Beijing, Shanghai, Shenzhen,
and Kunming, the thermal comfort under working condition 3 is better than that under
working conditions 1 and 2.
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For all building types, the initial investment cost and global cost of buildings under
working condition 3 are lower than that under working conditions 1 and 2 while under all
working conditions, the initial investment cost and global cost for building form types 3
and 2 are higher than that for building type 1.

An integrated building performance simulation framework is used in this study to
compare the building energy demand (including the heating demand and cooling demand),
lighting environmental comfort, thermal environmental comfort, and global cost within the
setting of building form parameters and envelope design parameters. Meanwhile, it, as a
reference database for the performance prediction of low-rise and medium-rise residential
buildings under the climatic conditions of different cities, provides a powerful reference
for architects’ energy efficiency design of low-rise and medium-rise residential buildings
in different climate zones.

5. Discussion of Optimization Results
5.1. Optimization Results of form Design for Residential Buildings in Typical Cities

The best solution is gained in the study through the optimization of all design param-
eters based on the prediction model established in Section 4.1, with the SPEA-2 algorithm
adopted. The darkest part in red marks the Pareto front, as shown in Figure 22. Tables 7-18
show the values of design parameters and the corresponding optimization objective results
for each city under different climatic conditions in the context of optimal building energy
demand (i.e., minimum BED and optimal nZEB) and the optimal lighting environment
(i.e., maximum percentage of time in one year for effective natural daylight illumination of
100 Ix to 2000 Ix, optimal UDI).

Table 17. Optimization design parameters of building forms in each typical city.

Harbin Beijing Shanghai Shenzhen Kunming
Classification =~ Number Description nZEB UDI nZEB UDI nZEB UDI nZEB UDI nZEB UDI
*) *) *) *) *) *) *) *) *) *)
Al Length of building 28 20 28 16 28 16 28 16 28 16
front elevation
Spatial form A2 Length-width ratio 1 2 1 2 1 2 1 2 2 2
parameters A3 Number of floors 7 6 3 6 3 3 3 7 7 7
A4 Standard floor height 2.7 3.3 2.7 2.7 2.7 2.7 2.7 3 2.7 3.3
A5 Building orientation 0 90 90 0 90 0 0 —45 0 0
Bl Window-wallratioof o ,o 155 005 055 025 055 025 055 025 035
east elevation
. B2 Window-wallratioof o5 (55 025 025 025 045 025 035 035 045
Window form west elevation
parameters . _ :
B3 Window-wallratioof oo (55 g5 055 025 045 025 055 025 025
south elevation
B4 Window-wallratioof o ,o 155 005 055 025 055 025 055 025 055
north elevation
Parameters of indirect influence
Building width 28 10 28 8 28 8 28 8 14 8
Building shape coefficients 0139 0231 0209 0287 0209 0348 0209 0273 0.181 0.268
Floor area ratio 343 075 147 048 147 024 147 056 1715 0.56

nZEB (*): the best solution for energy demand of the whole year. UDI (*): optimal solution for the time percentage of effective natural

lighting illuminance 100 1x~2000 Ix in the whole year.
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Figure 22. Multi-objective optimization results for each typical city.
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Table 18. Performance indicators of the optimal solution.

Objective Function

Harbin Beijing Shanghai Shenzhen Kunming

nZEB UDI nZEB UDI nZEB UDI nZEB UDI nZEB UDI
*) *) *) *) (*) (*) *) *) *) (*)

BED [kWh/m?/year]:
Building energy demand

76.10 149.40  47.70 89.60 36.00 74.90 44.80 114.80  5.60 14.20

H [kWh/m? /year]:
Heating energy demand

68.60 130.70  32.00 42.60 13.80 23.30 0.00 0.00 1.30 5.10

C [kWh/m? /year]:
Cooling energy demand

7.50 18.70 15.80 47.0 22.20 51.60 44.80 114.80  4.40 9.10

UDI 100-2000 lux
[(yo]I

7.00 43.60 20.50 46.40 18.00 47.00 19.10 47.50 33.60 47.00

nZEB (*): the best solution for energy demand of the whole year. UDI (*): optimal solution for the time percentage of effective natural
lighting illuminance 100 1x~2000 Ix in the whole year.

As can be seen from Table 17, the length of building front elevation for optimal energy
efficiency of nZEB in each typical city is 28 m, i.e., the total energy demand of residential
buildings in each typical city tends to decrease as the length of the front elevation increases
while the length of the front elevation for residential buildings with optimal UDI is 16 m
in cities excluding Harbin, and the length of the front elevation for residential buildings
with optimal UDI in Harbin is 20 m. It is found from the length-width ratio of residential
buildings in each typical city that the length-width ratio for residential buildings with
optimal nZEB in typical cities excluding Kunming is 1, while the length-width ratio for
residential buildings with optimal nZEB under climatic conditions of Kunming is 2. In
addition, the length-width ratio for residential buildings with optimal UDI in each typical
city is 2, a ratio that is more favorable for the lighting of the low floors of buildings. The
floor No. with the optimal solution for residential buildings in each typical city also differs.
The floor for residential buildings with optimal nZEB in Harbin, residential buildings
with optimal UDI in Shenzhen, and residential buildings with optimal nZEB and UDI in
Kunming is floor 7; while the floor for residential buildings with optimal UDI in Harbin
and Beijing is floor 6; and the floor for residential buildings with optimal solutions in
the remaining typical cities is floor 3. The optimal standard floor height in most cities
is 2.7 m, showing that the total building energy demand increases as the standard floor
height increases, so the standard of the lowest floor height should be adopted in most cities
in order to reduce energy consumption. However, it is suggested that floor heights of 3.3, 3,
and 3.3 m floor optimal UDI are adopted respectively in Harbin, Shenzhen, and Kunming
to achieve the optimal lighting environmental comfort in the ground floors of the building.
It is found from the optimal solution of the building orientation in each typical city in the
table that when the length-width ratio is not 1, only the building orientations for optimal
UDI in Harbin and Shenzhen are respectively suggested to be 90° and —45°. To achieve
the optimal UDI of residential buildings in each typical city under other circumstances,
the building orientation is suggested to be 0° (when the length-width ratio is 1, 90° of
orientation and 0° of that overlap). It can be seen from the window-wall ratio parameters
for optimal solutions (nZEB and UDI) of residential buildings in typical cities that, except
for the optimal nZEB and UDI for residential buildings in Kunming, the optimal nZEB and
UDI for residential buildings in other cities have a higher requirement for the window-wall
ratio of the east, south, and north elevations, and a lower requirement for the window-wall
ratio of the west elevation, while it is hoped that the window of the west elevation is higher
than that of the east and south elevations in residential buildings in Kunming. For example,
the window-wall ratio of the west elevation is suggested to be 0.35 for the optimal nZEB
in the region, but that of the east, south, and north elevations is suggested to be 0.25. The
window-wall ratio of the west elevation for optimal UDI is suggested to be 0.45, and the
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window-wall ratios of the east and south elevations (for optimal UDI) are suggested to be
0.35 and 0.25, respectively.

In general, the shape coefficients for optimal nZEB in the residential buildings of
each typical city are small relative to that for optimal UDI, while the floor area ratio
for optimal nZEB is large relative to that for optimal UDI. As mentioned above, under
the condition that the heat transfer coefficient and window-wall ratio of each building
envelope remain unchanged, the building energy consumption usually increases as the
shape coefficient increases, i.e., a smaller shape coefficient means a smaller external surface
area of the building, i.e., the fewer paths for energy loss represent a greater energy-efficiency
significance. More considerations are given to the lighting environmental comfort of the
ground floors of residential buildings in optimal UDI; therefore; the energy efficiency in
optimal UDI is inferior to that in nZEB.

It is found from the comparison of the optimal performance indicators in Table 18
that there is a big difference between the total energy demand of optimal nZEB and that of
optimal UDI for residential buildings in these typical cities, i.e., the total energy demand
of optimal UDI is generally two times higher than the total energy demand of optimal
nZEB. For example, the total energy demand of optimal UDI for residential buildings
in Harbin is higher than that of optimal nZEB at 73.3 kWh/m?, and the total energy
demand of optimal UDI for residential buildings in Beijing is higher than that of optimal
nZEB at 41.9 kWh/m?, indicating that there is a great potential for the improvement of
the energy efficiency of residential buildings in typical cities through the adjustment of
building forms. Among the cities, Harbin has a greater potential for the improvement of
the heating demand of residential buildings, and the heating demand for optimal nZEB is
reduced by 62.1 kWh/m? relative to that for optimal UDI, while there is a great potential
for the improvement of the cooling demand of residential buildings in Shenzhen, where
optimal nZEB is reduced by 70 kWh/m? compared to the optimal UDI. The remaining
cities have a more moderate potential for the improvement of the heating and cooling
demands compared to Harbin and Shenzhen. It is found from the comparison of the
lighting environmental comforts of the ground floors of residential buildings that there
is a big difference between the percentages of the effective annual natural illuminance
(100-2000 1x) in the whole year under these two optimal solutions for residential buildings
in each typical city. For example, the percentage of effective annual natural illuminance in
the whole year for optimal UDI is 36.6 higher than that for nZEB in the residential buildings
of Harbin, and the percentage of effective annual natural illuminance in the whole year
for optimal UDI is 28.4% higher than that that for nZEB in the residential buildings of
Shenzhen. It can be seen that the improvement of the lighting environmental comfort in
residential buildings is realized to a certain extent at the expense of the increase of the
total building energy demand. While making design decisions, architects need to take
into account the needs of different stakeholders for the target indicators, and to weigh the
design requirements of different stakeholders.

5.2. Comparison of Sensitivity Analyses of Different Building Types

Based on the prediction model, the comparison of sensitivity analyses of some design
parameters is conducted in the study on basis of the three building models (see Table 13)
shown in Figure 20.

Figures 23 and 24 respectively depict the relationship between the length of the front
elevation and the building energy demand and the relationship between the length of the
front elevation and lighting illuminance of the whole year in each of the three building
types. Since there are four dimensions (including the length of the front elevation, city,
building energy demand/effective lighting illuminance of the whole year, and building
type) in the scatter diagrams in Figures 23 and 24, for the convenience of analysis, they
are decomposed according to the building types in Figure 25, and the effects of the length
of the building front elevation on the building energy demand and effective lighting
illuminance of the whole year under different climatic conditions of typical cities and
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different building types are compared respectively. The distribution of the relationship
between the front elevation and building energy demand shows that the total energy
demand of residential buildings in each typical city decreases slightly as the length of the
front elevation increases. In addition, building type 1 has lower energy demand compared
to the other two building types, possibly because building type 1 has a length-width ratio of
1, which makes the building shape coefficient smaller, while building type 3 has a slightly
higher energy demand relative to building type 2, indicating that for the same building
shape coefficient, the energy demand when the building orientation is 90° is higher than
that when the building orientation is 0°. It is found from the analysis of the relationship
between the length of the building elevation and the effective natural lighting illuminance
of the whole year that as the length of the building elevation increases, the annual effective
lighting illuminance of building type 2 and building type 3 remains generally stable but
slightly fluctuates, while the effective lighting illuminance of building type 1 drops sharply.
In addition, compared with building type 2 and 3, building type 1 has a worse indoor
lighting environment.
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Figure 23. Relationship between the length of the front elevation and the building energy demand.

Figures 26 and 27 depict the relationship between the number of floors and the
building energy demand and the relationship between the number of floors and the
lighting illuminance of the whole year respectively for three building types. Since there are
four dimensions (including the number of floors, city, building energy demand/effective
lighting illuminance of the whole year, and building type) in the scatter diagrams in
Figures 26 and 27, for the convenience of analysis, they are decomposed according to the
building types in Figure 28, and the effects of the number of floors on the building energy
demand and effective lighting illuminance of the whole year under different climatic
conditions of typical cities and different building types are compared respectively. It is
found from the correlation between different numbers of floors and the building energy
demand that as the number of floors changes, the energy demand of building type 1 is
always lower than that of building types 2 and 3, and the energy demand of building
type 3 is slightly higher than that of building type 2. It can be seen from the relationship
between the number of floors and the lighting environmental comfort of ground floors
for different building types that the lighting environmental comfort of ground floors for
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all three building types deteriorates to a certain extent as the number of floors increases,
but the deterioration (of the lighting environmental comfort) of building type 1 is more
obvious, and the lighting environmental comfort of type 1 is always lower than that of
types 2 and 3.
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Figure 24. Relationship between the length of the front elevation and the effective lighting illuminance

of the whole year.

It is found from the sensitivity analysis of the design parameters of residential building
forms and the comparison of the design parameters and indicators of three different
building types that the form design parameters have different degrees of influence on the
building energy demand and the indoor lighting environmental comfort. The Chinese
codes for energy efficiency in low-rise and medium-rise residential buildings mostly
focus on the level of the building envelope, and there are fewer codes for the building
shape, with only a rough specification of the building shape coefficients. However, the
specific form parameters (like the length-width ratio and the length of the front elevation)
under the same building shape coefficient are possibly very different. Although the
loose building body is easily disturbed by the fluctuation of the outside temperature, the
potential for natural lighting is improved. From building performance analysis based on
the coupling of natural lighting and building energy consumption, a research conclusion,
which is inconsistent with the conclusion obtained from conventional energy consumption
simulation, is obtained, so the relationship between building form parameters and energy
consumption needs further refinement.
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Figure 28. Relationship between the number of floors and the building energy demand (left) and the relationship between
the number of floors and the lighting environmental comfort (right) for three building types.

It is worth noting that, in another article, we made a similar comparison of the building
envelope design parameters of cities in different climate zones in the United States [45].
The optimal energy-saving design of typical buildings obtained was similar to that of cities
in China. It can be seen that China and the United States have similar latitudes, and the
differences in temperature and humidity between different climate zones are also similar,
resulting in similar building performances. However, due to the different urbanization



Energies 2021, 14, 8223

40 of 44

developments in China and the United States, the building types are quite different, which
need to be further discussed in future studies.

In terms of the sensitivity analysis of building design parameters in the different
Chinese climate zones, we provided a more detailed discussion on cities in sub-climate
zones in our previous article [46]. However, this article mainly discussed the impact of
future climate change on the performance of residential buildings in different Chinese
climate zones, but it did not consider the differences in building typology. Besides, the
sensitivity analysis of the design parameters in that paper was also relatively basic. In
contrast, this article subdivided the design parameters that affect the performance of the
building, and established a real-time feedback platform to make the results more intuitive.

5.3. Limitation and Outlook

Carrying out research on the energy efficiency design of low- and medium-rise residen-
tial buildings from the perspective of an architectural designer is complex and systematic
work. This article formulated design strategies, energy-saving integrated design methods,
and tools for residential buildings in five cities in different climate zones in China, and
achieved certain results. However, due to some limitations, such as professional back-
ground, data sources, and research techniques, there are still the following tasks that need
to be further improved and expanded:

(1) The performance model of mid-rise and low-rise residential buildings established in
this paper does not consider the impact of the urban environment where the building
is located on the simulation. Surrounding architectural factors, such as whether the
building is located in a relatively isolated new urban area or a densely constructed
urban center, will affect the available sunlight and lighting resources for the target
building. These factors need to be expanded in future research work.

(2) In order to simplify the problem, this article focused on the architectural space and
envelope design variables. These variables constitute the most basic building perfor-
mance influencing factors but also have limitations. The style of exterior windows
and the use of renewable energy still need to be expanded and analyzed in order to
more fully grasp the influencing factors of building performance.

(3) This article focused on the development principles, ideas, and process of sensitiv-
ity analysis tools in energy-saving integrated design tools. At present, this tool is
relatively simple. In the future, computer languages need to be used to realize the
automatic calculation of a larger amount of energy consumption simulation data to
enrich the tools.

The analytical methods proposed in this paper can be applied to general design studies
on building climate adaptability. Based on the established study results, the following three
points in the paper can be gradually improved in the subsequent studies.

(1) Further refinement of study of the performance parameters

In this study, limited by the computational length and computational resources, the
design parameters of the building body were mainly discussed in the section of climate
adaptability optimization comparison. In the subsequent studies, the control of outdoor
microenvironmental parameters of buildings, like the influence of external vegetation and
outdoor thermal environmental comfort, will be discussed to determine the optimal size
and location of outdoor open spaces, thus providing good microclimate design strategies
for residential buildings, and verifying the applicability and scalability of the research
framework of the paper.

(2) Improvement of the multi-objective optimization framework

Four different objective functions in the multi-objective optimization framework es-
tablished in this paper based on different design scales, include building energy demand,
lighting environmental comfort (effective natural lighting illuminance of the whole year),
thermal environmental comfort (percentage of uncomfortable time of the whole year), and
building life cycle cost. However, in actual building projects, the climate adaptability design
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of buildings is more complex and possibly restricted by the sound environment, wind envi-
ronment, local policies, and social development. Therefore, the established multi-objective
optimization framework needs to be further improved in future studies, thus taking more
objective functions into the consideration, and systematically considering and analyzing
the climate adaptability design of buildings from a more comprehensive perspective.

(3) More residential building types are analyzed, and a library of decision cases is built

The specificity of energy-efficient building design is more obvious. The established
guidelines for green building design are usually established based on top-down experience,
and it is usually difficult to achieve the expected results. In this study, only a few types
of relatively common residential buildings, which tend to be analyzed repeatedly in
typical cities, among many residential building types, were selected for optimization and
comparison. Based on a series of parametric analysis methods proposed in this study, many
different residential building objects will be studied in depth; more residential building
types will be considered; a case base of design and retrofitting decisions for different
residential building types will be set up; and bottom-up supporting design tools will be
made in the future.

6. Conclusions

The main research aim of the paper was to explore climate adaptability design strate-
gies of buildings with a series of parametric simulation methods, and to summarize a
method for climate adaptability design of residential buildings oriented to the schematic
stage. Grasshopper, a parametric analysis platform commonly used in building design,
was combined with EnergyPlus, building energy simulation software, in this study to inte-
grate building design parameters and operational parameters. An integrated and passive
parametric design process, which features low energy consumption, low cost, and high
comfort, was constructed in the schematic design stage, involving the establishment of a
typicality analysis model, sensitivity analysis of the parametric model, and multi-objective
optimization based on performance simulation. This process was applied and analyzed in
five typical cities in different climate zones in China.

In this study, an integrated evaluation model of building form design parameters
and envelope design parameters was established, with a comparison of the performance
indicators of low-rise and medium-rise residential buildings under five climatic conditions
for three different building types and three envelope working conditions. The change rules
were summarized for the lighting environment, thermal environment, building energy
demand, and life cycle cost of residential buildings in each city under different form
parameters and envelope design parameters in this study. The following conclusion can be
drawn from this study:

(1) Due to the vast land area of China, the geographical locations of typical cities are
farther apart, and the optimal design of residential buildings energy demand in
typical cities is quite different, which gradually increases from south to north.

(2) Comparing the percentage of discomfortable time of the year of typical residential
buildings in each city, it can be seen that the typical cities in northern China are
too cold in winter, which makes them less comfortable in the thermal environment
compared with residential buildings in southern cities.

(3) The global cost and initial investment cost of the optimal design of residential build-
ings in typical cities in China basically showed a trend of gradually increasing from
south to north.

This paper used digital tools, internationally widely used professional simulation
software, and multi-objective optimization algorithms to create a systematic parametric
analysis process, which can effectively carry out building climate adaptability design in
the preliminary design stage. Meanwhile, it sorted out the optimization design parameters,
which are mainly divided into building form design parameters and envelope design
parameters. The purpose of this research was to provide architects with indicators and



Energies 2021, 14, 8223

42 of 44

references for the integrated design and data models that can be used for the design of low-
and medium-rise residential buildings in different climate zones in China.

This research has advanced the degree of refined analysis of climate adaptability
optimization design. The design of building climate adaptability involves many different
variables, such as the shape of the building, the operation mode of the building, and the
number of residents. Different variables will affect each other, thus forming a systematic
and complex whole. Currently, the main purpose of energy-saving design standards
is to delineate an upper limit for building energy efficiency from different aspects of
building design, construction, and operation, and to frame a general range of energy-
saving indicators from a technical level, but they have not systematically considered
built-environmental performance indicators in different design scenarios. The “Input-
Output” feedback platform proposed by this research provides a quantitative analysis
method for the design decisions of the public sector and private households from multiple
perspectives. At the same time, through the comparison of performance indicators, it can
summarize the energy-saving design laws of typical residential buildings under different
climatic conditions.

Furthermore, the following conclusions can also be obtained for the integrated multi-
objective optimization method and a series of parametric operational processes in the study.

(1) Parametric design and analysis platform can effectively assist designers in the pre-
design stage with the analysis and evaluation of different proposals, thus advancing
the development of sustainable building design.

(2) The parameters of building climate adaptability analysis in the schematic design stage
can be divided into spatial form design parameters and envelope design parameters.

(3) If the light and thermal comfort requirements of space users are met, life cycle cost is
saved, and environmental benefits are achieved for low-energy buildings, a multiple-
objective optimization needs to be conducted in the schematic design stage. Addition-
ally, parametric models for different solution scenarios can be analyzed and explored
with different dimensions of data, thus facilitating a deeper understanding of the
building performance.
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Nomenclature

UDI Useful Daylight Illuminance

BED Building Energy Demand

EPBD Energy Performance of Building Directive

GC Global Cost

ANN  Artificial Neural Network

WWR  Window-Wall Ratio

DH Discomfort Hours

IC Investment Cost

Near Zero Energy Building (in this paper, it just mean to the lowest building energy

nZEB demand design option rather than achieving the standard of nZEB requirement.)
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