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Abstract: This study presents a data-driven retrofitting approach by systematically analyzing
the energy performance of existing high-rise residential buildings using a normative calculation
logic-based simulation method. To demonstrate the practicality of the approach, typical existing
buildings in five climate zones of China are analyzed based on the local building characteristics and
climatic conditions. The results show that the total energy consumption is 544 kWh/m2/year in the
severe cold zone, which is slightly higher than that in the cold zone (519 kWh/m2/year), but double
that in the hot summer and cold winter zone, three times higher than that in the warm zone, and five
times above that in the temperate zone. The dominant energy needs in different climatic zones
are distinctive. The identified potentially suitable retrofitting measures are important in reducing
large-scale energy consumption and can be used in supporting sustainable retrofit decisions for
existing high-rise residential buildings in different climatic zones.

Keywords: retrofitting measures; existing high-rise building; energy performance; simulation;
climate zones

1. Introduction

While energy is consumed in different commodities, urban areas emit 70% of the total greenhouse
gases globally [1]. Energy consumption in existing buildings accounts for about 40% of global energy
use, which exceeds the needs of industry and transportation [2,3]. Of this total, space heating and
cooling consume approximately 60% [4]. Residential buildings in non-OECD regions consumed less
than 50% of overall global residential sector energy in 2012, but that share is estimated to increase
to approximately 60% in 2040. Electricity consumption in existing buildings will rise sharply from
31% of the overall energy consumption in 2012 to 47% in 2040 in non-OECD countries. China is the
world’s largest energy consumer generally, second largest for all buildings, and largest for residential
buildings [5]. The total building stocks in China were estimated to be around 44 billion m2 by the end
of 2005 [6], which was increased to over 50 billion m2 in 2010 and is expected to increase to around
58 to 78 billion m2 by 2050 [7]. The lifetimes of buildings in China range from 50 to 75 years [8–10].
The rate of energy consumption in China, for example, is expected to increase by an average of 7.4%
over the next decade [3], with the total energy need in buildings increasing from the 2005 level by
110–150% by 2050 and by 160–220% by 2095 [11]). Residential energy use has increased by an average
of 2.4% per year since 2012 in China [12].
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Owing to a rapid increase in urban populations, over 40% of existing dwellings are high-rise
buildings in the megacities of mainland China [13,14]. More than 90% of residents live in high-rise
buildings in Hong Kong that are located in the warm winter and hot summer zone, and a street
canyon with crowded tall buildings is a typical urban feature in this megacity [15]. Existing high-rise
apartments account for about 44% of the total residential blocks in Shanghai in the cold winter and hot
summer region [16]. More than 90% of existing buildings have a poor energy performance as they
seldom incorporated energy-saving measures into the building design when they were built, in order
to save costs and shorten the construction time period, because of the shortage of mandatory norms
for building energy efficiency and the limitation of financial conditions. As a result, the total building
energy consumption has been more than 896 megatons of coal equivalent (Mtce) since 2016, accounting
for about 20% of the total primary energy consumption. The energy use of residential buildings has
been up to 209 Mtce since 2016, accounting for 23% of the total building energy use [17].

More importantly, the energy consumption in the housing section keeps going up, which is driven
by a growing service need, thermal comfort improvements, and aging equipment and buildings [18].
Existing high-rise residential buildings have an increasing need of retrofitting for a higher building
performance and a better indoor environment, and retrofit solutions should consider new integrated
energy-saving strategies in China [19]. While high-rise residential buildings account for a large
proportion of the building stock and energy consumption is increasing dramatically, introducing
sustainable retrofit to high-rise residential buildings should therefore help reduce energy consumption,
and hence achieve reduction targets of energy consumption in a country or city [20,21]. For instance,
the national energy-efficient target for the residential sector in China is retrofitting more than 60%
of existing housing buildings until the end of 2020 in order to achieve a higher building energy
performance [17]. Sustainable retrofit is one of the most effective measures to reduce large-scale energy
consumption as well as the associated carbon emissions and other environmental impacts of existing
buildings. An evaluation of energy performance could help unveil the potential retrofitting scope so as
to determine the applicability of various sustainable retrofit measures for buildings under different
climatic conditions.

Building performance simulation (BPS) has become an important method in retrofitting existing
buildings as it not only can predict the energy savings from building upgrades, but also evaluate the
financial benefits and thermal comfort improvements [22]. By using BPS we can not only analyze the
current performance and predict the future thermal performance of existing buildings after retrofitting,
but also help identify the energy savings by subtracting the post-retrofit energy use from the pre-retrofit,
which represents the building performance improvements produced by renovation [23]. Numerous
studies have examined energy consumption in buildings using various simulation models or forecasting
engines [24–27]. Schiefelbein et al. [1] used an energy modeling approach based on the open source
geographical information system (GIS) datasets to reduce input data uncertainty, where building
models with representative geometries and physical properties were generated based on building
archetype information in Germany. A similar study was conducted by Chen et al. [28] in the USA,
which highlighted the simulation of urban building energy performance by developing the dataset
based on the GIS data of the existing building stocks. EnergyPlus software is also commonly employed
to simulate the building energy and to quantify the potential savings of energy due to the use of a
variable speed unit on the rooftop of the referenced building [29] and the specific energy performance
of residential buildings due to the heating, ventilation, and air conditioning (HVAC) system’s on/off

controller in the USA [30]. Other tools, such as eQuest software [31], DesignBuilder v4.2 [32],
an integration of EnergyPlus with DesignBuilder [33], building information modeling (BIM) [34],
and so on, were used to analyze the building energy performance for different applications globally.
It is hard to compare one BPS with another, since each has advantages and disadvantages [35]. All the
above simulation tools are based on sophisticated dynamic energy simulation programs, although they
are the most common methods to evaluate and predict building performance [36]. However, these
programs require specific building material parameters, detailed HVAC systems, definite operation
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schedules, and dynamic environmental conditions, but collecting these materials is a tremendous
workload for a country without a national database system of building information; meanwhile,
building and calibrating a performance simulation model is time-consuming and comprehensive
because of the required numerous complicated inputs [37,38]. Due to the lack of a simplified simulation
method for the wide range of data—especially for temporal, spatial, and climate variability—energy
simulation is often complex and difficult with the existing methods [39,40]. On the other hand, it is
impossible to amend the engines of most dynamic simulation tools, since the model calculations are
complicated and it is hard to connect control algorithms with those simulation tools [41]. Therefore,
it is better to adopt a reduced-order simulation tool such as the normative model, which requires
simplified parameters and modeling time but has functions similar to complicated dynamic simulation
programs, with an open calculation engine to evaluate the building thermal performance in order to
identify the most appropriate retrofitting solutions for existing buildings. The normative simulation
method is an effective approach to calculate the energy performance of existing buildings and
predict the reliable retrofit solutions based on less input information, modeling time, and calculation
complexity [42]. Several advantages are associated with the use of a normative calculation approach,
such as faster computational capability, transparency, robustness, and reproducibility [43,44]; it provides
an effective way to encourage energy performance rating [45] and the calculations are suitable for
energy characterization and energy labeling in buildings [46], etc. It does not only estimate the baseline
energy consumption in a building, but it can also explore the energy efficiency and cost-effectiveness of
retrofit technologies for an existing building [44]. The approach is widely applied in different studies
for single to large-scale building energy management applications [43,45,47,48].

Building energy savings caused by energy-efficient measures vary greatly from one climate to
another during a life cycle [49], and thus, a specific retrofitting solution has distinct economic viability
and can improve energy efficiency based on different building characteristics and climates [50]. Several
studies concentrated on retrofit solutions applied to a single broad climatic zone and seldom analyzed
the impact of differences in climatic conditions among various regions on the energy-efficient and
cost-effective retrofit decisions in a country. According to the climatic conditions in Hong Kong,
the most suitable green retrofit methods refer to 28 technologies and the recommended energy-efficient
renovation solutions are relevant to six categories [51]. The most common retrofit measures in
northern China consist of wall insulation and improvements in the heating system, including the
heating distribution pipe system, metering devices, and heating plant [52]. In particular, the retrofit
measures related to controls on a heat exchange station are some of the important critical factors in the
heating systems in northern China, which can save around 18.5% energy use after improvements [53].
These studies showed that the most appropriate retrofit solutions for a climate zone may be inapplicable
to other climatic regions because of the different climatic conditions. Even if the same retrofit measure
can be employed in various climatic zones, its specific size/thickness/projection may vary in different
regions because of the discrepancies of climatic conditions and major energy needed. To identify
the optimal retrofit solutions for a specific climate zone, it is essential to explore the impact of
climatic conditions on the choices of proper retrofit measures. Therefore, this paper aims to find
out the potentially suitable retrofitting measures by evaluating the building thermal performance
through a simplified energy simulation model (based on a normative simulation method) developed
on building prototypes with local building characteristics, specific construction materials, and the
relevant thermal properties in diverse climatic zones, including analysis of the composition of building
energy consumption.

2. Methodology

The simplified workflow of the study is shown in Figure 1.
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capturing and calculation process, compared to the transient dynamic simulation methods. Although 
its calculation results may not be the most accurate in observing the physical variable, it is also 
sufficiently reliable for estimating the building energy performance [55]. Normative calculation also 
can avoid modelers’ biases and reduce modeling errors since it is not only transparent, but it also 
limits the inputs and makes assumptions according to the standards [56]. Meanwhile, it can produce 
a reliable energy performance assessment with confidence equal to or higher than the dynamic 
simulation programs, despite having some deficiencies in presenting specific building characteristics, 
and thus, normative calculation has been widely applied to building retrofit analysis [57,58].  

Normative calculation is usually used in some reduced-order models, which adopt simple 
inputs to calculate energy performance and present the output data in a simplified way [56]. 
Reduced-order energy analysis is an effective strategy to reduce the complexity and required orders 
of a simulation model. This simplified method loses some of the accuracy, but it can increase the 
computing efficiency considerably. As a result, the reduced-order model can be used to determine 
the best inputs to the energy model and the optimal strategy for the best building energy efficiency 
with the minimum cost [41]. 

Figure 1. The study workflow.

2.1. Principles of the Simulation Model

The purpose of simulation is to simplify the reality, and thus it is better to keep the model as
simple as possible to meet the objectives of the simulation [54]. One of the most common building
energy analysis methods is normative calculation, which follows the standards developed by the
European Committee for Standardization (CEN) and International Organization for Standardization
(ISO). Its calculation method employs a set of normative statements, including those concerning the
building envelopes and systems of different types of buildings. Based on its simplicity and unified
model assumptions, normative calculation simulates the building energy performance in a transparent
and standard way. This method is easier to use because of its simplicity in the data capturing and
calculation process, compared to the transient dynamic simulation methods. Although its calculation
results may not be the most accurate in observing the physical variable, it is also sufficiently reliable
for estimating the building energy performance [55]. Normative calculation also can avoid modelers’
biases and reduce modeling errors since it is not only transparent, but it also limits the inputs and
makes assumptions according to the standards [56]. Meanwhile, it can produce a reliable energy
performance assessment with confidence equal to or higher than the dynamic simulation programs,
despite having some deficiencies in presenting specific building characteristics, and thus, normative
calculation has been widely applied to building retrofit analysis [57,58].

Normative calculation is usually used in some reduced-order models, which adopt simple inputs
to calculate energy performance and present the output data in a simplified way [56]. Reduced-order
energy analysis is an effective strategy to reduce the complexity and required orders of a simulation
model. This simplified method loses some of the accuracy, but it can increase the computing efficiency
considerably. As a result, the reduced-order model can be used to determine the best inputs to the
energy model and the optimal strategy for the best building energy efficiency with the minimum
cost [41].
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The EPC was developed on the Excel platform, which can integrate the optimization process with
energy simulation. This platform not only helps users evaluate the building thermal performance,
but it also allows them to develop their own optimization model to conduct decision analyses. Apart
from being transparent and objective, the EPC can quickly evaluate the energy performance and support
rapid decisions for energy-efficient strategies through the Excel platform [59]. The usability, reliability,
and fidelity of the EPC was demonstrated by earlier studies, and its capacity is completely sufficient
for comparing the building thermal performances caused by different building parameters [35,59–61].
The simulation flowchart is given in Figure 2. The energy performance calculator (EPC) used in this
study, which was developed by Georgia Institute of Technology, is a reduced-order simulation based
on the normative calculation logic and it can work as a dynamic simulation program. The EPC does not
only require fewer input parameters than some traditional dynamic simulations, but also features robust
and easily reproducible advantages. Its open program allows users to change and choose appropriate
parameters for simulation, which is forbidden in a general normative model. This study adopted
this tool to predict building thermal performance as it requires less and simpler input information
than the other more complicated dynamic simulation tools available. More importantly, it permits
the alteration of links involved in the calculation engine according to the user’s need. As shown in
previous relevant studies, most simulation models have deterministic frameworks and it is difficult to
change the calculation code of the simulation program as the source code is large and complicated and
most of it is not open to the public [62].
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In order to identify the optimal solution through the EPC, an add-on for the optimization process,
which is called EPC-Tech-OPT, was used. Tech-OPT is a product of the expanded EPC that can
determine the optimal set of technologies for the purpose of minimizing the cost, maximizing the
energy savings, etc. The optimizing process is carried out in Solver, which works as an add-on in
Excel. The basic input data and relevant standards are provided on the EPC spreadsheet. The whole
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calculation process of the EPC is conducted in Excel without any external calculation engine, computing
code, or other interfaces. As mentioned before, normative calculation tends to reduce the inputs
to ensure a simple process, and thus there are only eight required groups of building parameters,
including (i) building general information; (ii) building systems; (iii) renewable energy (RE) systems;
(iv) energy source; (v) thermal zones; (vi) operation schedule; (vii) building envelope, i.e., heat capacity,
size, and orientation; and (viii) thermal properties of envelope materials. It does not require specific
technical parameters for its simulation. The detailed categories of inputs are described in Table 1.

Table 1. Inputs of the energy performance calculator (EPC).

Categories of Inputs EPC Input Parameters

Building general information

building location
local weather data
ventilation volume

building height

Building systems

lighting
heating and cooling plants

HVAC system
domestic hot water (DHW)
energy management system

Renewable energy (RE) systems
photovoltaic system

solar water heating system
wind turbine system

Energy source source for heating, cooling, and DHW
energy and emission factor

Thermal zones floor area
occupant density

power density

Operation schedule hourly schedule

Building envelope

heat capacity
size

orientation
thermal properties of materials

2.2. Simulation Logic and Governing Equations

2.2.1. Simulation Logic

As mentioned above, the reduced-order energy simulation tool was developed according to the
CEN-ISO standard, which describes the calculation logic of the building thermal performance. This logic
can show the main primary relationship between the thermal properties of building components and
their calculated energy performance. The calculation logic illustrates how the thermal properties
of a building will determine the energy use within it. In terms of such a logic, we can gain a deep
understanding of the contributions of a building retrofit with improved building characteristics to a
building’s energy efficiency.

The building energy consumption primarily lies in the energy need that is caused by heat gain
and heat transfer between the indoor and outdoor environments. The gap between the heat transfer
and heat gain results in the total indoor energy need, and the energy need determines the energy
consumption when the energy efficiency of mechanical systems is fixed. The major concern regarding
the calculation of energy need is how to compute heat transfer by means of transmission and ventilation
of a building zone, internal and solar heat gains, and the energy need for heating, cooling, domestic
hot water (DHW), and so forth. In order to calculate the building energy consumption, the starting
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point is the calculation of heat transfer, which has a close relationship with the building characteristics,
and the steps for the whole simulation are as follows:

(1) Calculate the heat transmission between indoor and outdoor environments. The heat transmission
through the building envelope mainly depends on the envelope materials and the temperature
difference between inside and outside environments;

(2) Calculate the heat transfer by ventilation. The heat transfer by natural ventilation or by a
mechanical ventilation system is governed by the difference between the temperature of the
conditioned zone and the supply air temperature;

(3) Calculate the internal heat gain. Heat gain is composed of internal heat gain and solar heat gain.
According to CEN-ISO standard 13790 [63], internal heat gain is caused by domestic appliances,
occupants’ activities, lighting, the HVAC system, hot water and sewage, processes and goods,
and so forth;

(4) Calculate the solar heat gain. The solar heat gain refers to the direct heat gain through windows
and indirect heat gains through opaque materials, therefore, this parameter has a close relationship
with the building characteristics and climate conditions;

(5) Calculate the building energy need. According to the above four steps, there is a definite gap
between heat gain and heat transfer, and hence the energy need of a building in a certain climate
zones is obtained;

(6) Calculate the building energy consumption. Based on energy need, building energy consumption
is still controlled by the energy efficiency of the mechanical systems. Higher energy efficiency
means that less delivered energy will be required to meet energy need, given that energy need
remains constant. In other words, there are two effective aspects that have a great potential to
reduce energy consumption in a building: (i) reducing the energy need, and (ii) improving the
energy efficiency of the mechanical systems. The combination of these aspects presents the best
way to improve the building thermal performance.

2.2.2. Governing Equations

The total heat transfer by transmission can be defined by Equation (1) extracted from the CEN-ISO
standard 13790: 2008 (i.e., eqn. 16 as found in the standard), which is formulated as

Qtr =
∑

k

{
Htr,k ×

(
θ− θe,k

)}
× t (1)

Equation (1) shows that heat transfer through a building element between two thermal
zones/environments mainly relies on the heat transfer coefficient (thermal properties of a building
element), the temperature of two thermal zones [63]. The heat transfer coefficient of a building element
represents its thermal transmittance, which is expressed in the U-value (W/(m2

·K)). The heat transfer
between the indoor and outdoor environments is one of the major sources of increasing heating and
cooling need; thus, the U-value of a building component is a critical factor in determining building
thermal performance.

The total heat transfer by ventilation depends on the heat transfer coefficient by ventilation of the
air flow of element k, the required indoor temperature, and the supply temperature of the air flow
element k. Their relationship is described by Equation (2) extract from the CEN-ISO standard 13790:
2008 (i.e., eqn. 20 as found in the standard) as follows:

Qve =
∑

k

{
Hve,k ×

(
θ− θs,k

)}
× t (2)

The significant factor in Equation (2) is the heat transfer coefficient by ventilation, which is mainly
determined by the heat capacity of air per volume and the time average air flow rate of air flow element
k [63]. One of the three decisive factors is the air flow rate, which is strongly related to air leakage
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of a thermal zone. This relationship means that more attention should be paid to air leakage when
upgrading an existing building, as air leakage can lead to different degrees of heat transfer and increase
energy consumption. Regarding the other decisive factors involved in the equation, it is obvious that
both the mechanical systems (referring to ventilation, cooling, or heating) and the building envelope
(referring to air infiltration) are the key factors that can affect the ventilation heat transfer coefficient,
which determines heat transfer by ventilation.

The internal heat gain is provided within the building by occupants (sensible metabolic heat)
and by appliances such as domestic appliances, office equipment, etc., other than energy intentionally
provided for heating, cooling, or hot water preparation. According to the simple hourly calculation
method, the sum of the heat flow rates from internal heat sources in the considered building zone, Φint,
as expressed in watts, is calculated for each hour as given by Equation (3) extracted from the CEN-ISO
standard 13790 (i.e., eqn. 35 as found in the standard) as follows:

Φint =
∑

k

Φint,k +
∑

l

(1− btr,l)Φint,u,l (3)

This calculation logic indicates that the energy efficiencies of lighting systems, mechanical systems,
and appliances have significant impacts on internal heat gain. Thus, the thermal performance of building
service systems can affect energy consumption directly because of their own energy needs, and this
would also lead to some additional indirect energy need. To reduce the total energy consumption, it is
necessary to improve the energy efficiency of the mechanical systems and lighting systems.

Solar heat gain is the major source of excessive cooling need in summer, and solar heat gain
through building elements can be expressed by Equation (4) extracted from the CEN-ISO standard
13790 (i.e., eqn. 43 as found in the standard) [63] as follows:

Φsol, k = Fs,o,k ×As,k × Es,k − Fr,k ×Φr, k (4)

It can be seen from Equation (4) that several critical factors might affect the solar heat gain,
including the shading reduction factor (SRF) for the external envelope and solar irradiance, which
rests on climatic conditions. The SRF, which is related to the shading devices, plays an important role
in solar heat gain. Obviously, solar heat gain can increase cooling consumption, and thus an effective
way to reduce energy consumption is to decrease solar heat gain by using shading devices attached to
the building envelope.

2.3. Typical Cities with High-Rise Buildings in Various Climates

There are five different climatic zones in China, including the warm zone (often called the hot
summer and warm winter zone), temperate zone, hot summer and cold winter zone, cold zone
and severe cold zone, as shown in Figure 3. These climatic zones not only have diverse average
temperatures in summer and winter, but also feature distinct relative humidity levels. For instance,
the mean temperature in the severe cold zone is less than 25 ◦C in July, but it is in the range of
25–30 ◦C in the hot summer and cold winter zone in the same month. The annual average relative
humidity varies from 50% to 70% in the severe cold zone, but it ranges from 70% to 80% in the
hot summer and cold winter zone. These diverse climatic conditions have important impacts on
building designs, energy consumption, and building retrofit solutions. In each climatic zone of China,
high-rise residential buildings are concentrated in big cities because of the high population density.
The cities with the highest population density in the five climatic zones in China are Hong Kong
(6544 people/km2) in the warm zone, Kunming (318 people/km2) in the moderate zone, Shanghai
(24,137 people/km2) in the hot summer and cold winter zone, Beijing (17,232 people/km2) in the cold
zone, and Harbin (3164 people/km2) in the severe cold zone [14,64–67]. The majority of the population
live in high-rise residential buildings in urban areas in China and this living trend has dominated
the housing market in major cities since 1990s; hence, it is worthwhile focusing on the cities with the
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highest population density, which is the critical factor in driving up the quantity of high-rise residential
buildings in a certain climate. The energy consumption in these existing high-rise residential buildings
has increased significantly and will keep going up because of the improving household requirements,
and so retrofitting is deemed a priority to operate existing residential buildings in an energy-efficient
way during their lifespans [19]. Therefore, the building prototypes for energy-efficient retrofitting
analysis in this study depended on the building characteristics and climate conditions in the above cities
in the five climate zones, which mainly refer to local climate information and building characteristics.

Sustainability 2020, 12, x FOR PEER REVIEW 9 of 29 

 

for energy-efficient retrofitting analysis in this study depended on the building characteristics and 
climate conditions in the above cities in the five climate zones, which mainly refer to local climate 
information and building characteristics. 

 
Figure 3. China’s climate zones [67]. 

2.3.1. Warm Zone 

Hong Kong is a typical city in the hot summer and warm winter zone of China, with a high 
population density and a large concentration of high-rise buildings. A street lined with high-rise 
buildings is a typical urban feature in this city [15]. Due to its warm climate, Hong Kong experiences 
temperate winters, and therefore heating need is low and usually negligible. The outdoor relative 
humidity is high in Hong Kong, with an annual average value of up to 78% [68]. If some households 
do require heating, typically in winter, they usually use heaters or split room air conditioners (ACs) 
to provide heating as ACs can provide heating or cooling according to the requirements of indoor 
thermal comfort in different seasons. The typical coefficient of performance (COP) of such an AC is 
2.5. The temperature set point of cooling in summer is 24 °C, according to the energy-efficient 
requirements in Hong Kong [69]. According to the code issued in 2005 for the energy efficiency of 
ACs, the COP of cooling is no less than 2.4, while the COP of heating is no less than 2.8 [70]. Thus, it 
was reasonable to deem the cooling COP and the heating COP of a typical apartment as 2.4 and 2.8, 
respectively. Ventilation is one of the most important factors of maintaining acceptable indoor air 
quality in buildings, and the most common type in residential buildings in Hong Kong is natural 
ventilation. In particular, public housing usually adopts natural ventilation to reduce energy 
consumption [71], thus it was assumed that natural ventilation should be adopted in the building 
prototype for Hong Kong.  

2.3.2. Temperate Zone 

A typical city in the temperate zone is Kunming with the highest population density in the 
temperate zone, in which buildings need to comply with the regulations and codes issued by Yunnan 
province, as Kunming is the capital of this province. The relative humidity is around 70% in Kunming 
[72]. According to the lighting design standards for residential buildings issued in 2004 and 2013, the 
lighting power density is around 7 W/m2. Fluorescent lamps are mentioned in both these standards, 
and most incandescent lamps have been replaced by fluorescent lamps in residential buildings 
because of their superior luminance at the same level of energy consumption and at a similar cost 
[73]. The split ACs have been very popular in residential buildings, and they are the dominant heating 
and cooling appliance in southern China, especially in temperate climates. The COP of heating and 
cooling should conform to the energy-efficient standard of room air conditioners, which is applied 

Figure 3. China’s climate zones [67].

2.3.1. Warm Zone

Hong Kong is a typical city in the hot summer and warm winter zone of China, with a high
population density and a large concentration of high-rise buildings. A street lined with high-rise
buildings is a typical urban feature in this city [15]. Due to its warm climate, Hong Kong experiences
temperate winters, and therefore heating need is low and usually negligible. The outdoor relative
humidity is high in Hong Kong, with an annual average value of up to 78% [68]. If some households
do require heating, typically in winter, they usually use heaters or split room air conditioners (ACs)
to provide heating as ACs can provide heating or cooling according to the requirements of indoor
thermal comfort in different seasons. The typical coefficient of performance (COP) of such an AC is 2.5.
The temperature set point of cooling in summer is 24 ◦C, according to the energy-efficient requirements
in Hong Kong [69]. According to the code issued in 2005 for the energy efficiency of ACs, the COP of
cooling is no less than 2.4, while the COP of heating is no less than 2.8 [70]. Thus, it was reasonable
to deem the cooling COP and the heating COP of a typical apartment as 2.4 and 2.8, respectively.
Ventilation is one of the most important factors of maintaining acceptable indoor air quality in buildings,
and the most common type in residential buildings in Hong Kong is natural ventilation. In particular,
public housing usually adopts natural ventilation to reduce energy consumption [71], thus it was
assumed that natural ventilation should be adopted in the building prototype for Hong Kong.

2.3.2. Temperate Zone

A typical city in the temperate zone is Kunming with the highest population density in the
temperate zone, in which buildings need to comply with the regulations and codes issued by Yunnan
province, as Kunming is the capital of this province. The relative humidity is around 70% in
Kunming [72]. According to the lighting design standards for residential buildings issued in 2004
and 2013, the lighting power density is around 7 W/m2. Fluorescent lamps are mentioned in both
these standards, and most incandescent lamps have been replaced by fluorescent lamps in residential
buildings because of their superior luminance at the same level of energy consumption and at a similar
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cost [73]. The split ACs have been very popular in residential buildings, and they are the dominant
heating and cooling appliance in southern China, especially in temperate climates. The COP of heating
and cooling should conform to the energy-efficient standard of room air conditioners, which is applied
nationwide. ACs used at different time periods comply with different standards issued at different
times. The standard issued in 2004 required the standard COP of air conditioners to be no less than 2.5,
while the renewed standard was set at a higher requirement (its minimum COP is around 3.0) in
2010 [74]. The life span of an AC is around 15 years [75]. The typical building was built in the 1990s
and the average energy efficiency of its ACs would be around 2.5, in order to conform to the rule issued
in 2004. Thus, the COP of an AC was assumed as 2.5 in this study.

2.3.3. Hot Summer and Cold Winter Zone

This study selected the high-rise building characteristics in Shanghai as a reference to identify
the simulation features of a high-rise apartment prototype in the hot summer and cold winter zone.
The yearly average relative humidity in Shanghai is around 74%, which is in the range of 70–80% for
the hot summer and cold winter zone. The average temperature is 27.8 ◦C and 3.5 ◦C in the hottest
month and coldest month, respectively [76]. Due to the weather conditions, there is both a heating and
a cooling need in Shanghai, but there is no central heating system to provide heating or cooling for
residents, as more than 80% of households use ACs to keep the indoor environment warm or cool in
different seasons [77].

2.3.4. Cold Zone

Beijing is a typical city with a high density of high-rise buildings, owing to the highest population
density in the cold zone. The most popular heating system in existing residential buildings is the
central heating generated by a gas-fired boiler in a community in Beijing, according to the requirements
of the energy-efficient design standard issued in 2006 [78]. Until 2010, more than 70% of heating had
been provided by boilers using natural gas or coal in Beijing, with natural gas boilers comprising more
than 40% of the total heating system. If we focus only on the natural gas-fired boiler, its COP can
usually reach around 0.8 in China [79], but if taking the energy efficiency of the distribution pipes of a
heating system into account, the heating COP of the whole system is less than that of a single heating
plant. The real COP of the heating system in residential buildings may be approximately 0.74 in Beijing,
as shown in some retrofitting. Hence, the heating system was presumed to be a natural gas-based
central heating system and its COP was deemed as 0.74. According to the weather information for
Beijing mentioned in the standard of climatic regionalization for architecture, the average temperature
in winter is about −4.5 ◦C, but summer there is still quite hot. The annual average relative humidity is
around 60% because of Beijing’s dry weather. To keep the indoor environment comfortable in summer,
occupants in residential buildings usually employ split air conditioners to provide cooling, especially
in old housing estates [80].

2.3.5. Severe Cold Zone

Harbin is located in the central area of a severe cold zone in China and is a typical city with the
highest population density. In Harbin, there are three major types of heating systems: (i) combined heat
and power (CHP) district heating; (ii) central heating from large, medium, or small coal or gas-fired
boilers; and (iii) separate heating for individual households. Due to the extremely low temperature in
winter, heating is always turned on in the severe cold zone, and thus the heating operation schedule
was assumed to be 24 h in the prototype, i.e., continuous. The average living space per person was
about 20 m2 per person in urban areas of Harbin in 2008 [81].

The general information for building prototypes in different climate zones in China is given
in Table 2, and the thermal properties of the building prototypes are shown in Table 3. Detailed
information of the prototype buildings in different climatic zones are given in the Supplementary
Information (S1–S5).
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Table 2. General information regarding building prototypes in the different climatic zones.

Parameter Specification Parameter Specification Parameter Specification

Warm zone: Hong Kong

Location Warm zone Occupancy density (m2/person) 9 Ventilation natural ventilation

Outdoor relative humidity 78%

Heating system − θeff = 2.8 split air conditioner Domestic hot water individual gas
water heater

Cooling system − θeff = 2.4 split air conditioner Lighting density (W/m2) 15

Temperature setpoint in winter (◦C) 18 (MOHURD, 2010a,b) Air leakage (m3/h) 4.5

Temperature setpoint in summer (◦C) 24 Shading device no

Operation schedule of heating/cooling 24-h on RE system no

Temperate zone: Kunming

Location Temperate zone Occupancy density (m2/person) 30 Ventilation natural ventilation

Outdoor relative humidity 70%

Heating system − Coefficient of
performance (COP) = 2.5 split air conditioner Domestic hot water individual gas

water heater

Cooling system − COP = 2.5 split air conditioner Lighting density (W/m2) 7

Temperature setpoint in winter (◦C) 18 Air leakage (m3/h) 9

Temperature setpoint in summer (◦C) 26 Shading device no

Operation schedule of heating/cooling 24-h on RE no

Hot summer and cold winter: Shanghai

Location Hot summer and
cold winter Occupancy density 17 Ventilation natural ventilation

Outdoor relative humidity 74% Heating system − COP = 2.5 split air conditioner Domestic hot water individual electric
water heater

Cooling system − COP = 2.5 split air conditioner Lighting density (W/m2) 7

Temperature setpoint in winter (◦C) 18 Air leakage (m3/h) 9

Temperature setpoint in summer (◦C) 26 Shading device no

Operation schedule of heating/cooling 24-h on RE no
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Table 2. Cont.

Parameter Specification Parameter Specification Parameter Specification

Cold zone: Beijing

Location Cold zone Occupancy density (m2/person) 14 Ventilation natural ventilation

Outdoor relative humidity 57% Heating system − (energy efficiency θeff) central heating from
natural gas Domestic hot water individual gas

water heater

Cooling system − (energy efficiency θeff) Split air conditioner Lighting density (W/m2) 7

Temperature setpoint in winter (◦C) 18 Air change rate (/h) 0.6

Temperature setpoint in summer (◦C) 26 Shading device no

Operation schedule of heating/cooling 24-h on RE system no

Severe cold zone: Harbin

Location Severe cold zone Occupancy Density (m2/person) 20 Ventilation natural ventilation

Outdoor relative humidity 74% Heating System
(energy efficiency, θeff = 0.74)

central heating from
natural gas boiler Domestic hot water individual electric

water heater

Cooling System
(energy efficiency, θeff = 2.5) split air conditioner Lighting density (W/m2) 7

Temperature Setpoint in Winter (◦C) 18 Air change rate (/h) 0.5

Temperature Setpoint in Summer (◦C) 26 Shading Device no

Operation Schedule of Heating/Cooling 24-h on RE no
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Table 3. Thermal properties of building prototypes in the different climatic zones.

Zone External Wall External Window

Warm zone

Main structural materials
20 mm cement plaster +
150 mm thick concrete +
20 mm cement plaster

single clear 6 mm glazing

U-value (W/m2 K) 2.9 5.8
Absorption coefficient 0.68 NA

Emissivity 0.90 0.84
Solar heat gain coefficient NA 0.83

Temperate zone

Main structural materials
20 mm cement plaster +

240 mm clay bricks +
20 mm cement plaster

single clear 3 mm with
aluminum frame

U-value (W/m2 K) 2.0 6.4
Absorption coefficient 0.76 NA

Emissivity 0.90 0.84
Solar heat gain coefficient NA 0.85

Hot summer and
cold winter zone

Main structural materials
20 mm cement plaster +

240 mm clay bricks +
20 mm cement plaster

5 mm single glazing with
aluminum frame

U-value (W/m2 K) 2.0 6.4
Absorptance 0.76 NA
Emissivity 0.90 0.84

SHGC NA 0.85

Cold zone

Main structural materials
20 mm cement plaster +

300 mm ceramic concrete block +
20 mm cement plaster

5 mm single glazing with
aluminum frame

U-value (W/m2 K) 1.61 6.4
Absorption coefficient 0.68 NA

Emissivity 0.90 0.84
Solar heat gain coefficient NA 0.85

Severe cold zone

Main structural materials
30 mm cement plaster +
490 mm hollow bricks +
30 mm cement plaster

5/5 mm double glazing
with aluminum frame

U-value (W/m2/K) 0.84 3.26
Absorption coefficient 0.76 NA

Emissivity 0.90 0.84
Solar heat gain coefficient NA 0.85

2.4. Prototype Buildings

2.4.1. Warm Zone

The standard building design led to similar building characteristics of public blocks built in the
1990s. Accordingly, the layout of the simulation prototype for Hong Kong in the warm zone was
assumed to be similar to the “Harmony Shape,” and accordingly, the configuration of the prototype
apartment took the design of the Harmony Shape building as a reference. To explore the effect of solar
heat gain through the building envelope on building energy consumption, it was better to expose
the envelope of the building prototype to the external environment as much as possible. This study
built up the prototype by integrating it with information from an apartment in an existing Harmony
building on the northwest corner that had more elements facing the outside environment, in order to
investigate the effects of the climatic conditions on the energy-efficient retrofit solutions, as shown in
Figure 4. Due to sharply escalating housing prices, more than 90% of apartments have less than 70 m2

of floor area, with an average range between 40 m2 and 69.9 m2 [11]. Using the building drawings
collected from the Housing Authority, the specific configuration of each apartment in a Harmony
residential building can be identified, including floor area, layout, and so forth. The floor area of a
sample apartment on a standard floor is around 48 m2 in terms of the information described in the
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collected designs, thus it was reasonable to assign a 48-m2 floor area to the prototype. More information
of prototype building can be found in Supplementary Information S1.
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Figure 4. Layout of a prototype and its floor layout in Hong Kong [17].

2.4.2. Temperate Zone

Apartments with a floor area of 100–120 m2 dominated the housing sector in the 1990s [26] and the
average floor area of an apartment built at that time was around 117 m2. This study took an apartment
with about 116 m2 as an example to investigate the potential retrofit solutions for high-rise housing in
the temperate zone. Most existing old residential buildings have a north–south orientation, as this
direction carries strong cultural connotations in China. A survey on building thermal environments in
Kunming showed that high-rise buildings with 8–15 floors account for 31% of the existing residential
buildings. High-rise buildings are mainly located in several districts of Kunming, and the Cuihu
district is one area dense with high-rise residential buildings [42]. In the district, the common shape
of an old residential building is rectangular, and most apartment windows face north and south,
according to information provided by the online sales market for secondhand housing. Taking the
layout of existing apartments from the online housing market into account, the simulation prototype
of an apartment was designed as in Figure 5. More information of the prototype building can be found
in Supplementary Information S2.
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2.4.3. Hot Summer and Cold Winter Zone

Since 1995, combined high-rise residential buildings with more than nine floors and consisting
of several apartments sharing stairs and an elevator in a block have become popular. There may be
two, three, four or even eight apartments on a floor in a combined apartment building. The most
common floor areas for an apartment are around 60–70 m2 (including the auxiliary areas, and the actual
indoor areas are less than 60 m2) due to skyrocketing housing prices. Several high-rise residential
buildings were renovated in order to improve their thermal performance and indoor comfort and
a well-known one is located in Jinyangerjiefang. The building design and building characteristics
provided a guide to establish the prototypical apartment in Shanghai [63]. Taking the common floor
area of an apartment and the layout design of Jinyangerjiefang as a reference, the layout of an apartment
prototype with a 53-m2 floor area with a north–south direction was designed, as seen in Figure 6.
In order to compare the simulation result of this prototype with that in other climates, the study still
assumed that the prototype was situated in the northwestern corner of a building as described in
the following picture. The prototypical apartment was therefore oriented on the east–west axis with
most of the windows facing the south and north. The floor height was assumed to be the same as
the previous climates, which was 2.7 m. More information of the prototype building can be found in
Supplementary Information S3.
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2.4.4. Cold Zone

In order to reflect the real situation of existing high-rise residential buildings in cold zones, the
layout of the simulation prototype took the retrofit project as a reference. The energy-efficient
retrofit project carried out in cold and severe cold zones was named “Sino-German Technical
Cooperation—Energy Efficiency in Existing Buildings”; the project aimed to reduce energy consumption
in existing old residential buildings and improve their indoor thermal comfort. According to the
retrofit project in Beijing, the existing high-rise buildings built in the 1990s have 18 floors with a 2.7-m
floor height. On the standard floor, there are always eight apartments, and floor areas differ from
40–65 m2, but the most common apartments have around a 50-m2 floor area with two bedrooms and a
small living room [69]. The prototype was designed as about 57 m2 with two bedrooms and one living
room (Figure 7). In order to be consistent with prototypes in other climatic zones, the prototype in the
cold was still situated in the north–west corner on a floor; there are two windows on the north, one on
the south, one on the west, and one on the east, in order to investigate the effect of climatic conditions
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on building energy consumption, none of which considered shading devices. More information of the
prototype building can be found in Supplementary Information S4.
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2.4.5. Severe Cold Zone

In Harbin, most residential buildings built in the 1990s are medium high-rise buildings consisting
of 7–8 floors and account for 73.4% of the total residential buildings [81]. The dominant shape of
high-rise residential buildings in Harbin is rectangular with a long length on the east–west axis but
short width on the north–south orientation. The north–south orientation is always the most culturally
popular building direction in any time period, as discussed previously. In fact, the most common
building orientation in severe cold zones is still north–south, since it can maximize solar heat gain and
reduce energy consumption [82]. Based on the above information about apartments built in the 1990s
in Harbin, the apartment prototype was designed with a 59-m2 floor area with a rectangular shape on
the north–south orientation (Figure 8). More information of the prototype building can be found in
Supplementary Information S5.
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3. Results and Discussion

3.1. Energy Need and Consumption in Different Climatic Zones

3.1.1. Warm Zone

Based on the prototype for the warm zone, the simulation model was built up and the energy
need and energy consumption were calculated by the EPC tool on the Excel platform. Figure 9A shows
the monthly heating and cooling need for one year in the warm zone. The cooling need predominated
in most seasons, from April to November, and the peak cooling occurred in July. This was due to the
long, hot summer, which can last for about six months, from May to October. The peak energy need for
cooling reached 22.5 kWh/m2 over the duration of the hot and humid summer, and even at its lowest,
the energy need was still more than 10 kWh/m2. Compared to the cooling need, the heating need
was much less in winter, since the cold season is quite short in the warm zone. January is the coldest
season, but the highest monthly heating need was around 3 kWh/m2 during all required heating
months. In February and December, the heating need was less than 2.5 kWh/m2, which only accounted
for about 10% of the peak cooling need. This simulation result confirmed that a retrofit measure for
reducing the heating need would have no significant impact on the improvement of the whole building
thermal performance.
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It can be seen from Figure 10A that the annual total energy use was about 202 kWh/m2 in the
prototype apartment, most of which was consumed in the summer season (details are given in the
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Supplementary Information, Table S6). The largest proportion of energy consumption, more than 14%,
occurred in July because of high cooling consumption. Energy use was very similar between the months
of June and September, since cooling need was the dominant energy requirement for this entire period.
For instance, cooling consumed more than 54% of the total delivered energy in June, 58% in July,
and 56% in August. This proportion indicates that decreasing the cooling need should be the focus for
the reduction in energy consumption, and that retrofit measures should concentrate on how to reduce
the energy used for cooling. Regarding the heating need, this required only approximately 5 kWh/m2

per year, which accounted for less than 5% of the overall energy consumption. It was reasonable to
ignore the heating need in the warm zone since variations in heating need in this region are negligible.

Sustainability 2020, 12, x FOR PEER REVIEW 18 of 29 

 

14%, occurred in July because of high cooling consumption. Energy use was very similar between the 
months of June and September, since cooling need was the dominant energy requirement for this 
entire period. For instance, cooling consumed more than 54% of the total delivered energy in June, 
58% in July, and 56% in August. This proportion indicates that decreasing the cooling need should 
be the focus for the reduction in energy consumption, and that retrofit measures should concentrate 
on how to reduce the energy used for cooling. Regarding the heating need, this required only 
approximately 5 kWh/m2 per year, which accounted for less than 5% of the overall energy 
consumption. It was reasonable to ignore the heating need in the warm zone since variations in 
heating need in this region are negligible. 

 
Figure 10. Total energy consumption in different climatic zones. 

Energy consumption for cooling was determined by the cooling need and the energy efficiency 
of the AC system. On the one hand, the cooling need is caused by solar heat gain, and thus those 
renovation measures that can reduce solar heat gain will be beneficial to cooling need reduction. On 
the other hand, improvements in the energy efficiency of AC systems can reduce the delivered energy 
while meeting the same cooling need. The ventilation and pump control systems are associated with 
the AC system, and improvements in air conditioners will consequently reduce energy consumption 
caused by ventilation and pumps. Annual lighting consumption was about 26 kWh/m2, accounting 
for about 13% of the overall energy use in a year (Figure 11A). If the energy efficiency of the lighting 
system can be improved by retrofitting the building, the energy used for lighting will clearly decline. 
Occupants required about 33 kWh/m2 of energy to produce DHW, which accounted for about 16% of 

Figure 10. Total energy consumption in different climatic zones.

Energy consumption for cooling was determined by the cooling need and the energy efficiency of
the AC system. On the one hand, the cooling need is caused by solar heat gain, and thus those renovation
measures that can reduce solar heat gain will be beneficial to cooling need reduction. On the other hand,
improvements in the energy efficiency of AC systems can reduce the delivered energy while meeting
the same cooling need. The ventilation and pump control systems are associated with the AC system,
and improvements in air conditioners will consequently reduce energy consumption caused by
ventilation and pumps. Annual lighting consumption was about 26 kWh/m2, accounting for about
13% of the overall energy use in a year (Figure 11A). If the energy efficiency of the lighting system can
be improved by retrofitting the building, the energy used for lighting will clearly decline. Occupants
required about 33 kWh/m2 of energy to produce DHW, which accounted for about 16% of the total
delivered energy. It will be necessary to improve the energy efficiency of water heaters in order to
reduce the energy used for DHW (Figures 9A and 10A, Table S6).
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3.1.2. Temperate Zone

According to the prototype designed for the temperate zone, the thermal performance of existing
apartments built in the 1990s was obtained by energy simulation. As seen in Figure 9B, the cooling
need was quite low in the temperate zone, with a peak of less than 2 kWh/m2 per month. Such low
cooling need was due to the climatic conditions of the temperate zone, which had an average high
temperature of around 25 ◦C, i.e., close to the set point of an AC system. The heating need was
much greater than the cooling need in this area, with the highest monthly heating need occurring in
December, at more than 12 kWh/m2. Apparently, heating is mainly required in the four months from
November to February, but the average monthly energy need was around 10 kWh/m2, which was
less than one-half of the energy need for cooling in the warm zone. The low heating need in winter
was due to the temperate zone, where the mean temperature is more than 10 ◦C during the season.
Based on the simulation result of the heating and cooling need, the emphasis of the building retrofit
should be placed on the reduction of heating need, since there is still potential to reduce it, although its
baseline is not high.

According to Figure 10B, the total annual energy consumption was around 125 kWh/m2, which was
less than that in the warm zone (202 kWh/m2). The major reason for the lower energy consumption
was less need for the mechanical systems to provide cooling and heating. During a 12-month period,
the energy used in winter assumed the largest share of the total delivered energy, especially in December
and January, as depicted in Figure 10B.

The monthly energy consumption on the coldest days was around 16 kWh/m2, which accounted
for more than 13% of the annual energy used. More importantly, the heating need consumed almost
one-half of the monthly delivered energy in the cold season. There is no doubt that reducing the
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heating need would be an effective way to reduce energy consumption, and it is therefore necessary to
take measures to improve the thermal performance of those building elements related to the heating
need while retrofitting existing buildings. Because of the low heating and cooling need, the energy
used by fans and pump controls was much lower than that in the warm zone. If some retrofit measures
are adopted to improve the energy efficiency of mechanical systems, then the fans and pump controls
will consume less energy for the same amount of heating, ventilation, and air conditioning (HVAC)
supply. Lighting was another primary factor in determining the total energy consumption, and its use
accounted for more than 20% of the yearly delivered energy (Figure 11B). Renovation of the lighting
system would not only reduce the energy need for lighting, but would also decrease internal heat
gain, which may cause an increase in the cooling need in summer. The hot water heater is still worth
renovating since the energy used for DHW was around 19 kWh/m2, which was the fourth top source of
energy consumption. Annual sunshine in the temperate zone amounts to more than 2197 h, and solar
water heaters may therefore be useful for reducing the delivered energy for DHW (Figures 9B and 10B,
Table S7).

3.1.3. Hot Summer and Cold Winter Zone

The prototype with particular building characteristics provided sufficient supports to identify
building energy need and consumption in the hot summer and cold winter zone. In the hot summer
and cold winter zone, the heating need was much higher than the cooling need, as shown in Figure 9C.
The annual heating need was more than double the yearly cooling need. The peak heating need
occurred in January, and its monthly value was above 30 kWh/m2. The time period during which the
heating need was dominant spanned from December to March. During these four months, the overall
heating need accounted for more than 90% of the entire heating need in the winter season. This is due to
the low average temperature in winter, which is below 10 ◦C (the heating set point is 18 ◦C). The highest
cooling need was around 17 kWh/m2, which occurred in July, the hottest month. The duration of
cooling need was more than four months, from June to September. This indicated that the AC system
was in operation for at least four months to provide cooling. The absolute quantity and duration of
cooling need had a significant impact on the total energy need, although they were ultimately less
than those of the heating need. To reduce the energy need in this zone, it would be better to take into
account both heating and cooling.

Obviously, the monthly and total delivered energy in the hot summer and cold winter zone are
much greater than those in the temperate zone because of the larger heating and cooling need, as
shown in Figure 10C and Table S8. The total annual energy consumption was more than 237 kWh/m2,
which was twice that in the temperate zone, although these two areas are adjacent. This means that the
structure of energy need in these neighboring regions is mutually distinct, and therefore the focus of
building energy efficiency should also be different. The largest monthly energy consumption occurred
in January, with a dominant heating need at more than 35 kWh/m2. The average heating need in other
cold months was also more than 20 kWh/m2, and thus the heating need caused by the cold months
from December to March accounted for 90% of the overall heating need. This baseline of heating
consumption implies a big potential to save energy by decreasing the heating need and the energy
delivered for heating.

The total energy consumption for cooling was around 41 kWh/m2 per year, 90% of which was used
between June and September. The highest energy consumption for cooling was more than 12 kWh/m2,
which occurred in July, similar to other climatic zones. As mentioned before, the floor area of the
prototype apartment was 47 m2; as a result, the monthly energy cost for cooling need was more than
USD 50 if the unit cost of the electricity is USD 0.09. From the perspectives of energy saving and
economic issues, it would be worth paying attention to the reduction in cooling need while retrofitting
a building in the hot summer and cold winter zone. Mechanical fans are linked with the cooling and
heating system, and their energy consumption would increase alongside any increases in heating or
cooling consumption. While decreasing heating or cooling consumption, the fans will consume less
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energy. Lighting and DHW were other critical groups that affected the whole energy consumption.
The annual energy used for lighting need reached 26 kWh/m2, which was less than 10% of the overall
yearly delivered energy. The need of DHW expended about 33 kWh/m2 per year, which accounted for
15% of the total delivered energy (Figure 11C). It would be possible to reduce lighting consumption
by improving the energy efficiency of the lighting system via some energy-efficient retrofit measures.
The existing DHW was provided by conventional gas-fired or electrical boilers, and thus the application
of RE heaters may be useful for dramatically reducing the energy consumption of DHW (Figures 9C
and 10C, Table S8).

3.1.4. Cold Zone

The simulation model based on the prototypical apartment uncovered the energy requirements
and building thermal performance in the cold zone. The cold zone is a heating dominant region,
as reflected in Figure 9D. The peak heating need was around 48 kWh/m2, which was four times its
highest cooling need (12 kWh/m2). The cold season, with dominant heating, lasts for five months,
from November to March, with the lowest heating need in winter being higher than the peak cooling
need in summer. The immense heating need is due to the very low winter temperatures, with an
average temperature always below zero, except in March. In other words, the mean temperature in
the coldest three months is lower than zero, and thus strenuous mechanical heating is required to
maintain indoor thermal comfort. Although the cooling need was much lower than the heating need
(12 kWh/m2), it was still close to that in the cold winter and hot summer zone (15 kWh/m2). Based on
this comparison, it can be said that summer is still hot in the cold zone, and that the cooling need in
summer also plays an important role in determining the whole energy need in the hot season. It is
certain that a reduction in heating need can make a large contribution to energy savings, since its
baseline is immense and even a small reduction can yield greater absolute energy conservation.
Meanwhile, the reduction in cooling need should also be taken into account while planning for saving
energy since it dominates the energy need in summer. All in all, it would be better to focus on both
heating and cooling need instead of solely on heating need in the cold zone.

The overall annual energy consumption was up to 519 kWh/m2 in the cold zone, which was close
to double that in the hot summer and cold winter zone, as presented in Table S9 and Figure 10D.
The energy used for heating was more than 340 kWh/m2 in a year, which accounted for up to 66% of
the total delivered energy (Figure 11D). Based on this proportion, it would be sensible to focus on the
reduction of heating consumption in order to save energy. In addition, most of heating consumption
was in the three coldest months, from December to February; they consumed up to 85% of the entire
energy used for heating. This means that the mechanical system is always working during the cold
time period and the operation span is quite long. The huge consumption and long operation of the
heating system indicates that the emphasis of energy saving should be on the reduction of heating need
and the energy efficiency of the mechanical heating system. Owing to the huge heating consumption,
another major part of the delivered energy is consumed by the mechanical fan that is involved in the
mechanical heating and cooling systems. An improvement to the mechanical system and the reduction
of heating or cooling need will help fans reduce energy consumption.

In this region, the annual energy consumption for cooling was above 29 kWh/m2, which was
similar to the lighting energy consumption. The total amount was less than that in the hot summer
and cold winter zone, although their monthly cooling consumptions in the hottest months came
close. However, the reduction in cooling consumption still had an effect on the overall delivered
energy in summer, since cooling dominated energy need during the hot season. Yet decreasing heating
consumption should be prioritized when there is a conflict between the heating and cooling reductions,
as the former presents a more robust energy saving potential. Lighting had the same baseline of
energy consumption as cooling; and thus, it would be worthwhile to reduce the energy consumption of
lighting in order to achieve a certain target of energy saving. Due to the low temperature of tap water
in this zone, water heaters require more energy to produce hot water when compared to other southern



Sustainability 2020, 12, 4726 22 of 29

zones. Energy consumption in this regard accounted for about 8% of the total energy consumption,
and thus to save energy, it may be helpful if there were a cost-effective way to reduce the energy
for DHW.

3.1.5. Severe Cold Zone

Similarly, the apartment prototype built in the early section was the foundation for the prediction
of building thermal performance, and it can guide researchers to emphasize the significant aspects of the
building retrofit in the severe cold zone. In the severe cold zone, the dominant heating season lasts from
October to March, more than five months. As such, more heating is required to maintain a comfortable
indoor temperature, as shown in Figure 9E. The severe cold zone is located in northernmost China,
which is the coldest area with the longest winter in the country, with an average winter temperature
below −15 ◦C. Thus, the heating need dominates the energy need in this region, and the peak need
was close to 50 kWh/m2 per month. The lowest monthly heating need in winter approximated the
highest cooling need in summer. Particularly, the heating need dramatically increased from November,
and the total heating need caused by the most severe cold days during the November to February
period was more than 140 kWh/m2. This is a huge energy need, and thus there is great potential for
reducing energy consumption by decreasing the heating need.

Summer there is quite short, lasting for only three months, from June to August. During the
summer season, the monthly peak cooling need was less than 10 kWh/m2, occurring in July. The overall
cooling need throughout the whole year was around 20 kWh/m2, which was much lower than the
peak heating need in winter. It would therefore be reasonable to focus on the heating need rather than
the cooling need. To reduce energy use in this region, it would be better to make strategies to control
the heating need instead of the cooling need when making decisions regarding energy conservation.

According to the information shown in Figure 10E and Table S10, the overall annual energy
consumption was about 544 kWh/m2, and most of the delivered energy was consumed in winter.
In fact, the energy used for indoor heating accounted for more than 85% of the monthly delivered
energy in January. In other cold months, including November, December, and February, more than
80% of the total delivered energy was for heating. Throughout the whole year, heating consumption
still accounted for 71% of the annual delivered energy and was above 385 kWh/m2 (Figure 11E), which
was three times the overall annual energy use (125 kWh/m2) in this temperate zone. Obviously, energy
saving should concentrate on reducing heating consumption in the severe cold zone. In order to reduce
the energy used for the heating need, it would be effective to cut down such need by improving the
building elements, which can reduce heat transfer and loss. Since mechanical systems are always on
to provide heating in winter and their energy efficiency determines the amount of delivered energy
when the need remains constant, renovating these systems can improve their COP, which can in turn
lower the required energy based on the same need. Owing to the huge need for mechanical heating,
the fans involved in the heating system consume a larger part of the yearly delivered energy, compared
to lighting and appliances. If the heating need is decreased and the energy efficiency of mechanical
systems is improved, the energy used by fans will decrease dramatically.

The annual energy consumption for lighting was higher than 25 kWh/m2, which was very close
to the heating consumption in the temperate zone. As discussed earlier, the lighting equipment is
typically fluorescent with low energy efficiency, and there is no control system to reduce the energy
waste from lighting. Thus, there is still a potential to reduce the lighting energy consumption by
improving the lighting system. Similar to the cold zone, DHW in the severe cold zone consumed about
8% of the total delivered energy, amounting to 42 kWh/m2 per year. DHW is mainly supplied by gas or
electrical heaters in existing residential buildings. This traditional DHW equipment has relatively low
energy efficiency, and thus upgrading such equipment may be a viable solution for reducing the DHW
consumption. According to the local climatic conditions, the yearly sunshine amounts to more than
2570 h, which suggests that it is possible to make use of solar energy to provide DHW. To maximize
energy reduction, solar water heaters should be taken into account as retrofit alternatives.
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3.2. Comparison of Energy Consumption among Climatic Zones

According to the energy consumption in the five climatic zones of China discussed above,
the predominant energy needs in different climatic zones are mutually distinct. More importantly,
the total energy consumption per floor area can be different due to the prevailing weather conditions,
as presented in Figure 12. As shown in Table 4, the total energy consumption per square meter per year
was 544 kWh/m2/year in the severe cold zone, which was more than five times the overall delivered
energy in the temperate zone and more than 2.5 times the energy used in warm zones. Owing to similar
climatic conditions, the cold zone required a similar amount of energy resources (519 kWh/m2/year)
to meet the user need. The total energy consumption in the heating-dominant regions, including
the cold and severe cold zones, was more than double the overall energy use in the southern part of
China, including the warm, temperate, and hot summer and cold winter zones. From the perspective
of energy distribution, the focus of energy conservation should be on the heating-dominant areas,
since they consume most of the total delivered energy. It is possible to reduce a large portion of
energy consumption in the cold and severe cold zones, since the baseline of energy use for a square
meter is extremely high in these two areas. Nevertheless, there may be less potential to reduce energy
consumption in the temperate zone, as its overall energy use per floor area in a year was less than
130 kWh/m2.
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Table 4. Comparison of energy consumption in various climatic zones.

Climatic Zones
Heating Energy [kWh/m2/Year] Cooling Energy [kWh/m2/Year] Total

ConsumptionConsumption Proportion (%) Consumption Proportion (%)

Warm zone 5.0 2.5% 80.5 39.8% 202.4
Temperate zone 26.8 21.4% 7.9 6.3% 125.1

Hot summer and
cold winter zone 68.9 29.0% 41.5 17.5% 237.3

Cold zone 344.3 66.3% 29.5 5.7% 519.0
Severe cold zone 385.4 70.8% 19.0 3.5% 544.7

Apparently, heating need consumed most of the total delivered energy in the cold and severe
cold zones, and its consumption accounted for more than 66% of the overall energy use. The absolute
value of energy used for heating on each floor area per year was more than 344 kWh/m2 in these
two zones. Only heating consumption was much higher than the entire required energy of any other
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climatic region. Even for the hot summer and cold winter zone, where indoor heating is needed due to
the cold weather, the total energy consumption was still much lower than the heating consumption
in the northern part of China, as depicted in Figure 10E. The cooling consumption was quite low
in heating-dominant regions, accounting for less than 6% of the total delivered energy, i.e., around
30 kWh/m2/year in the cold zone and 19 kWh/m2/year in the severe cold zone. Thus, it is worth paying
more attention to reducing energy consumption for heating for the purpose of energy saving in the
northern part of China.

Regarding the warm zone, the cooling need was a major source of energy consumption, accounting
for around 40% of the total delivered energy. Heating need can be ignored when planning for measures
to improve the building energy efficiency, as its entire amount in a year was about 5 kWh/m2. The largest
energy saving potential was related to the reduction in cooling consumption. In the temperate zone,
the heating need was much higher compared to the warm zone, and it was the primary energy
consumer. It accounted for more than 20% of the entire delivered energy, but cooling consumption was
too negligible to warrant an effort to reduce it in this zone. Although the total energy consumption
was not as high as the other regions, as shown in Figure 10E, the building energy efficiency will
likely be improved by decreasing heating consumption. In the hot summer and cold winter zone,
the energy used for cooling was slightly lower than that consumed by heating. Heating consumption
accounted for about 29% of overall energy use, while the cooling need consumed about 18% of the
total energy use. In this region, cooling consumption was approximately one-half of that in the warm
zone, but the energy used for heating was more than double that consumed in the temperate zone.
This consumption configuration indicates that it is important to consider the reduction in heating
and cooling consumption in retrofit decisions that are made to achieve a certain energy-saving target.
If there is a conflict in the selection of retrofit measures, it may be sensible to focus on decreasing heating
consumption in the temperate zone, since energy used for cooling was only 69% that of the delivered
energy for heating. Based on the above findings and discussion (the energy need profile in each climate
zone), a summary of the identified potential retrofit measures, including their prioritization, is shown
in Table 5.

Table 5. Potential retrofit measures in different climate zones.

Identified Potential Retrofit Measure Warm
Zone

Temperate
Zone

Hot Summer
and Cold

Winter Zone

Cold
Zone

Severe
Cold
Zone

Improvement in the reduction in cooling
energy need (e.g., energy efficiency of the AC
system, reduce solar heat gain, etc.)

*** * *** **

Energy efficiency in lighting system * ** ** * *
Energy efficiency of water heaters ** ** ** ** **
Improvement in the reduction in heating
energy need (e.g., improve the thermal
performance of those building elements
related to the heating need; energy-efficient
mechanical heating systems, etc.)

*** *** *** ***

***, extremely relevant; **, highly relevant; * relevant.

4. Conclusions

To identify the potential retrofitting measures, this study evaluated the energy performance
of existing high-rise buildings in different climate zones in China. The existing building energy
consumption determines the applicability of different types of renovation measures to different climatic
zones. On the basis of the identification of specific building features, the prototyping method was used
to summarize typical building characteristics in each climatic zone. By integrating the prototypes with
the specific characteristics and the climatic conditions, an energy simulation model of a local building’s
thermal performance was optimized for different climatic zones.
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Although the thermal properties of existing building elements were similar in the hot summer
and cold winter zone and the temperate zone, their energy consumption configuration varied greatly.
The lowest building energy consumption occurred in the temperate zone with an annual amount of
less than 130 kWh/m2/year. The energy consumed for cooling need can be ignored in this area because
of its low absolute value, despite the fact that it accounted for approximately 6% of the total energy
use. It is worth focusing on the heating need when retrofitting existing buildings because heating
consumed more than 20% of the overall delivered energy in the temperate zone and 29% in the hot
summer and cold winter zone, where the energy consumed for heating was 26.75 kWh/m2/year in the
temperate zone and 68.91 kWh/m2/year in the other zones. Although the energy used for cooling was
lower than that used for heating in the mixed season zones, cooling still used more than 17% of the
total energy consumption. A potential retrofit solution should be the best balance of the reduction in
heating and cooling consumption of energy.

Although the building materials and thermal properties of existing buildings in the cold and
severe cold zones varied greatly, energy consumption in these two regions was very similar. Energy
consumption in these zones was the highest of all the zones (544 kWh/m2/year); this was double
the energy consumption in the hot summer and cold winter zone, and about five times that of the
temperate zone. Although the cooling need in the cold zone was higher than that in the severe
cold zone, there was no significant discrepancy in energy consumption for heating need between
these two zones, which was about 70% of the total energy use for both of them. It may, therefore,
be reasonable to ignore the difference in the impact of climatic conditions and building elements on
energy consumption in these two areas. The majority of energy consumption (40%) in the warm zone
was on cooling need. Although the climatic conditions in the warm zone and the hot summer and
cold winter zone varied greatly, the total annual energy consumption (202 kWh/m2/year) was similar.
This similarity may be caused by the different building characteristics of the existing buildings, and
thus the most suitable retrofit solution should be different in these two areas. Meanwhile, energy
consumption for cooling in the warm zone was twice that in the hot summer and cold winter zone,
but the heating need in the former was quite low. According to the energy need profile in the studied
zones, the largest energy saving potential is related to the reduction in cooling consumption in the
warm zone, whereas retrofitting measures should focus on reducing the heating need in the temperate
zone. The reduction in heating and cooling consumption is the priority in retrofit decisions in the
hot summer and cold winter zone, whereas retrofit measures should primarily focus on reducing the
heating energy need in both cold and severe cold zones. It is believed that the introduced approach,
energy need profile, and the identified potential retrofit measures can be used in practice for large-scale
energy saving targets in the studied climate zones. Future work should focus on the development of
deterministic decision models for selecting cost-effective sustainable building retrofit measures for
high-rise residential buildings in different climatic zones.
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