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Abstract: The residential sector is a substantial consumer of energy worldwide, 

especially in China, and therefore a focus of energy conservation efforts. Although 

cities are basic executive units nowadays, their residential energy consumption (REC) 

is often overlooked. By revealing this research gap, we develop a REC calculation 

model at the city level (CRECM) and an improved residential stock turnover model 

(RSTM) to calculate the REC and residential stock of Guangdong-Hong Kong-Macao 

Greater Bay Area (GBA) cities. Based on these two indicators, the REC intensity is 

quantified to measure residential energy efficiency. The results show that 11 GBA 



 

 

cities see a dramatic increase in REC over the past 16 years and REC intensities of 

most cities have plateaued out. The total REC of GBA is expected to rise until that of 

Guangzhou and Shenzhen reaches the peak. Also, the over residential stock of GBA 

has tended to saturation in recent years after significant growth, while some cities (i.e. 

Zhuhai, Huizhou, and Zhongshan) tend to increase. The gaps in REC among cities can 

be attributed to socio-economic factors (population, GDP, and residential stock) and 

building characteristics (unit area and construction vintage). Both CRECM and 

RSTM proposed in this study can provide robust data support for developing building 

energy efficiency policies for GBA cities as well as other cities across the country.  
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1. Introduction 1 

The expansion of the residential sector is accompanied by high levels of energy 2 

consumption. Worldwide, the residential sector consumes approximately 10-33% of 3 

the total energy consumed by all sectors (Fig. 1), with an average of 22% (IEA, 4 

2017). In China, which is experiencing rapid economic and urban development, the 5 

residential energy consumption (REC) is striking, and is ranked highest in the world 6 

as it reached 325 Mtoe in 2016. However, it still only accounted for only 16% of the 7 

total final energy consumption (IEA, 2018). Driven by the expanding residential 8 

stock, the REC is expected to continue to grow over the coming years, which could 9 

create strain on the energy supply system and hinder the commitment of the 10 

government to preventing CO2 emissions from rising after 2030 (N. Zhou et al., 11 

2018).  12 

 13 
Fig. 1. REC shown as a percentage of national energy consumption in 2015 (IEA, 2017). 14 

The significant consumption of energy by the residential sector requires detailed 15 

understanding to prepare for and help guide its energy consumption in an increasingly 16 

energy-conscious world. However, it is difficult to directly obtain REC data as energy 17 

consumption by buildings is not counted as a separate type of energy consumption in 18 

the Chinese official statistics; instead, it is divided and combined with that of other 19 



 

 

sectors (Huo et al., 2018). Consequently, several studies have been conducted at 20 

national and provincial levels to attempt to quantify the REC (Huo et al., 2019a, 21 

2019b, 2018; Yang et al., 2017).  22 

Although cities consume the most energy and emit large amounts of CO2 23 

worldwide, their REC has been overlooked (Shan et al., 2017). Over half of the global 24 

population live in cities, which are responsible for three-quarters of the global energy 25 

consumption and greenhouse gas emissions (Gouldson et al., 2016). Additionally, in 26 

China, cities are the basic executive unit of national energy policies and programs. 27 

The State council distributed a scheme decomposing the national energy-saving target 28 

of the 11th Five Year Plan into provincial energy-saving targets, and then required 29 

local governments to further decompose the provincial targets to cities (Price et al., 30 

2011). Therefore, accurate REC data for cities are essential to aid in setting energy-31 

saving targets and developing building energy policies and regulations. The energy 32 

statistics of most cities in China are not as complete and available as those available at 33 

national and provincial levels, which renders it difficult to obtain REC data. 34 

Therefore, it is necessary to research methods of quantifying REC at the city level.  35 

The Guangdong-Hong Kong-Macao Greater Bay Area (GBA; the State Council, 36 

2019) is no exception, and its increasing REC requires further investigation. The GBA 37 

was first discussed in the 13th Five-Year Plan (NDRC, 2016). As the largest and most 38 

populous bay area worldwide, it consists of 11 cities, with nine cities in Guangdong 39 

Province (Guangzhou, Shenzhen, Zhuhai, Dongguan, Foshan, Zhongshan, Foshan, 40 

Jiangmen, and Zhaoqing), and two Special Administrative Regions (SAR, i.e., Hong 41 

Kong and Macao; Fig. 2). The rapid development and urbanization of the GBA has 42 

inevitably put tremendous pressure on the energy supply. The sharp increase in 43 

housing demand has driven the continuous growth in residential stock, which has then 44 



 

 

driven a significant increment in energy consumption. Therefore, it is important to 45 

improve the energy efficiency of residential buildings in order to alleviate pressure on 46 

the energy supply and achieve sustainable development in the GBA. The development 47 

level and urbanization degree vary widely between GBA cities (Table 1), resulting in 48 

different REC levels. However, few studies have discussed the REC and its 49 

characteristics in GBA cities.  50 

Table 1 Socio-economic index of 11 GBA cities, 2017. 51 
City Group* Population (104) GDP (¥108) Per capita GDP (¥) 
Guangzhou Core cities 1,450 21,503 150,678 
Shenzhen Core cities 1,253 22,490 183,544 
Hong Kong Core cities 741 22,619 305,997 
Macao Core cities 65 3,307 509,582 
Foshan  Node cities 766 9,399 124,324 
Dongguan Node cities 834 7,582 91,329 
Jiangmen Node cities 456 2,690 59,089 
Huizhou Node cities 478 3,831 80,205 
Zhaoqing Node cities 412 2,110 51,464 
Zhongshan Node cities 326 3,430 105,711 
Zhuhai Node cities 177 2,675 155,502 

*: This classification is based on the spatial layout in the Outline Development Plan for GBA (The 52 
State Council, 2019).  53 

 54 
Fig. 2. Guangdong-Hong Kong-Macao Greater Bay Area administrative division.  55 

    As mentioned above, previous studies have had the following deficiencies. First, 56 

they have always focused on the whole country or certain provinces but have rarely 57 



 

 

focused on individual cities. Therefore, there is no detailed understanding of the 58 

characteristics of the REC. Second, the issue of insufficient residential energy 59 

statistics and related data (accurate residential stock) at city level has still not been 60 

resolved. Third, there has been a lack of REC surveys in the residential sector of the 61 

GBA. In response, this study attempts to fill these gaps and make to following 62 

contributions. First, a REC calculation model at the city level (CRECM) is developed 63 

based on energy statistics to resolve the issue of data shortage. Second, a residential 64 

stock turnover model (RSTM) is developed to clarify the key drivers of the REC and 65 

further calculate its intensity. Third, the REC, residential stock, and REC intensity 66 

(REC per unit floor area) of 11 GBA cities from 2000 to 2016 are determined to 67 

reveal the evolution trend and its characteristics. This study also contributes to the 68 

formulation and post-evaluation of policies and regulations related to the energy 69 

efficiency of buildings.  70 

2. Literature review 71 

2.1 Definition of Residential Energy Consumption  72 

There are many different definitions of building energy consumption, including 73 

embodied energy, energy consumption in the construction industry, and energy 74 

consumption in the building sector. Therefore, the statistical scope is inconsistent and 75 

there is a lack of a unified calculation method (Huo et al., 2018). The embodied 76 

energy of buildings includes energy consumption in the material production and 77 

construction stages (Basbagill et al., 2013; J. Hong et al., 2016), while energy 78 

consumption in the construction industry refers to the energy consumed in 79 

construction-related activities (Huo et al., 2018). However, in China, the construction 80 

industry includes building engineering, municipal engineering, decoration 81 

engineering, and demolition engineering (SAMR, 2017). Hence, while energy 82 



 

 

consumption by the construction industry is listed in the composition of energy 83 

consumption in the China Statistical Yearbook, it is not exclusively related to the 84 

construction of buildings. Generally, building energy consumption (i.e., energy 85 

consumption in the building sector) refers to the energy consumed during the 86 

operation of a building (Cai, 2011; Zhou et al., 2007; Zhou and Lin, 2008). Therefore, 87 

we define REC as the energy consumption during the operation of residential 88 

buildings.  89 

The energy consumption intensity per unit floor area is a fundamental indicator of 90 

the energy efficiency of buildings and is widely used to inform building energy 91 

efficiency policies and standards (Huo et al., 2019b; Zhao et al., 2016). Therefore, we 92 

used it to measure the REC efficiency in this study.  93 

2.2 Review of the REC calculation method 94 

As the energy consumption of residential buildings is not separately accounted in 95 

many countries, numerous studies have developed modeling techniques for 96 

calculating or simulating the REC, and these techniques can be categorized into two 97 

distinct approaches: top-down and bottom-up (Swan and Ugursal, 2009). The “top-98 

down” approach treats the residential sector as an energy sink and does not consider 99 

individual end-use (Swan and Ugursal, 2009). It regresses the residential stock REC 100 

as a function of macroeconomic indicators, such as GDP and population. 101 

Representative top-down models include the National Energy Modeling System 102 

(NEMS; Swan and Ugursal, 2009), Global Change Assessment Model (GCAM; Yu et 103 

al., 2014), and TIMES (Merkel et al., 2017). In contrast, the bottom-up approach 104 

extrapolates the estimated energy consumption of a representative set of individual 105 

houses to regional and national levels (Swan and Ugursal, 2009), which involves 106 

investigating the energy intensity and stock (floor area) of each type of residential 107 



 

 

building and then determining the REC (Jiang and Yang, 2006; Long, 2005). This 108 

approach requires a considerable amount of detailed micro-level survey data and 109 

information. For instance, Chen et al. (2008) use a detailed four-layer structure 110 

indicator system for collecting REC statistics, which included residential building 111 

profiles, basic household information, electrical equipment ownership and usage, 112 

household electricity consumption, and other types of energy consumption. 113 

Representative bottom-up models include the Long-Range Energy Alternatives 114 

Planning (LEAP; Zhou, 2011) and CBEM (Yang, 2009) models. Besides, some 115 

intelligent methods are also applied to the models to deal with the nonlinear 116 

characteristics of energy consumption, such as neural network and support vector 117 

machine (Qiao et al., 2020).  118 

    Although modeling facilitates scenario analysis and the prediction of the REC, it 119 

has a high data requirement that necessitates extensive and detailed investigation, and 120 

is often based on large variable assumptions (Huo et al., 2018), time-consuming, and 121 

costly. Moreover, data collection and accounting procedures differ between sites and 122 

people, leading to inconsistent and incomparable results (Y. Zhou et al., 2018). 123 

Hence, a macro statistical database method was developed to resolve the above 124 

deficiencies, which would split the energy consumption associated with buildings 125 

from the total energy consumption statistics and then add them together (Huo et al., 126 

2018). Long (2005) used end-use energy consumption statistics to estimate China’s 127 

building energy consumption by removing transportation, storage, tertiary industry 128 

consumption, and household consumption, while Wang (2006) adjusted statistical 129 

energy data to estimate China’s REC by deducting oil consumption from household 130 

energy consumption and separately calculating energy consumption for heating. Huo 131 

et al. (2018) proposed a method for calculating China’s building energy consumption 132 



 

 

(CBECM) by splitting energy consumption related to buildings from other sectors in 133 

the China Statistical Yearbook-Energy Balance Table. The macro-statistics method is 134 

not only simple to conduct, but also adopts an authoritative, open data source that is 135 

easy to access. However, this method is limited by the available statistics, and is often 136 

conducted at national and provincial levels, rather than the city level. Household 137 

energy consumption statistics are unavailable in many cities of China. For example, 138 

most cities, excluding Beijing, Shanghai, and Guangzhou, do not compile an Energy 139 

Balance Table (EBT), which is the foundation of the CBECM approach.   140 

Therefore, this study proposes a REC calculation method at the city level by 141 

maximizing the use of existing energy consumption related to residential buildings, 142 

rather than using the scarce energy-balance tables. Some REC statistics are included 143 

in the Statistical Yearbook, such as electricity, liquefied petroleum gas (LPG), and 144 

natural gas consumption, and these data are retrieved directly and as part of the REC. 145 

For the energy types without any published statistics, the consumption data at the city 146 

level were derived from the provincial data based on a few assumptions, and the total 147 

REC was then determined by summating all types of energy consumption. Eight types 148 

of REC are considered in this study to determine the amount of consumption (Fig. 3), 149 

i.e., electricity, natural gas, gasoline, coal, solar energy, biomass energy (straw, 150 

fuelwood, and biogas), and energy for heating. Additionally, the whole GBA is 151 

considered, while previous studies (Huang et al., 2012; Ma and Liu, 2017) focused on 152 

certain cities, preventing an overview of a province or even a region from being 153 

obtained (Liu et al., 2018; Mi et al., 2019).  154 



 

 

 155 
Data source: China Energy Statistical Yearbook (NBS, 2017), Annual report from National Renewable 156 
Energy Center (2015), and Tao et al., (2018)’s national survey. Those data for the missing years are 157 
estimated by extrapolation.  158 

Fig. 3. China’s 2000-2016 REC structure.  159 

2.3 Deficiencies in the statistics of the residential building stock  160 

Building stock, as the key driver of energy consumption in the building sector, is a 161 

necessary indicator in calculating the REC intensity. However, it is problematic to 162 

directly obtain building stock-related data directly from the China Statistical 163 

Yearbook (despite previous studies using this approach) as there are deficiencies in 164 

the building stock statistics, particularly those of residential stock (Huo et al., 2019b, 165 

2018). First, there are two different indicators of residential floor space in the 166 

Yearbook, i.e., the “Per-Capita Housing Construction Area” and “Total Floor Space 167 

of Residential Buildings (year-end)”. However, the total residential stock estimated 168 

according to the former is 40-50% higher than the latter as the statistical scope of the 169 

per-capita floor space of buildings is restricted to family households and does not 170 

consider collective households (Huo et al., 2019b). Second, the Per-Capita Housing 171 

Construction Area data were obtained from sample surveys, which are not universal. 172 

Third, the statistical caliber over time is inconsistent. The classification criteria for 173 

urban and rural areas has changed twice in the past two decades. Furthermore, the 174 



 

 

statistical scope of the Total Floor Space of Residential Buildings (year-end) data is 175 

city (before 2001) or city and county (2001-2006), but there are no data for town (Huo 176 

et al., 2018). Hence, to avoid the above problems, the residential building stock was 177 

calculated according to the building stock turnover model based on census housing 178 

data in this study.   179 

3. Methodology 180 

3.1 Model framework 181 

To obtain the REC and intensity at the city level, two models were developed (Fig. 182 

4). In the REC model, energy consumption statistics were retrieved by type and then 183 

summated to obtain the total REC. The unavailable data were derived from the 184 

provincial yearbook or extracted from official reports and literature. In the residential 185 

stock model, housing statistics derived from the most recent census were set as the 186 

base-year data. The stock for the other years was then calculated from the turnover 187 

model. Finally, the energy consumption intensity was obtained by dividing the REC 188 

by the residential stock. Owing to the availability of statistics for GBA cities, the time 189 

series interval was set to 2000-2016 for cross-city comparisons.  190 

3.2 REC calculation model at the city level (CRECM) 191 

The aim of this model is to retrieve REC by type, and then summate all types of 192 

consumption to obtain the total REC of a city. Eight types of end-use energy were 193 

considered in our study, including electricity, liquefied petroleum gas (LPG), natural 194 

gas, gasoline, coal, solar energy, biomass energy, and energy for heating. It was 195 

assumed that 95% of residential gasoline consumption is used in transportation, and 196 

the remaining 5% is used in the buildings (Huo et al., 2018; Wang, 2007). The 197 

formula is as follows:  198 



 

 

 199 

Fig. 4. Model framework. 200 
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where c
tE  denotes the REC of city c  in year t , the subscript i  of ,

c
i tE  ( i  =1,2, … ,6) 202 

refers to the energy type (electricity, LPG, natural gas, coal, biomass energy, and solar 203 

energy, respectively), ,
c
gasoline tE  represents the gasoline consumption, and ,

c
Heating tE  204 

denotes the heating energy consumption. As energy consumption by type is initially 205 

quantified in physical units, it was multiplied by the corresponding coefficient to 206 

convert it from a physical quantity to standard coal equivalent. The conversion 207 

coefficient of electricity is based on the coal-equivalent consumption for power 208 

generation, while that of other types is based on the calorific value (NBS, 2017).  209 

As some statistics are unavailable, the use of statistics at the city level was first 210 

maximized, and provincial statistics were then scaled to city-level to supplement the 211 

lack of data, as raw data at the city level are more reliable. The method proposed by 212 

Shan et al. (2017) was followed to scale provincial household energy consumption 213 

down to the city level. To reflect the relationship between a city and its corresponding 214 

province, the city-province percentage p was defined, as follows: 215 

/ 100%c pp I I= ×  (2) 216 

where cI  represents the index of city c  and pI  represents the index of the 217 

corresponding province P of city c . The urban and rural population sizes were used 218 

to calculate p  for urban and rural areas, respectively (Jing et al., 2018). The 219 

population data were then directly collected from the Statistical Yearbook of each 220 

city. Using the city-province percentage p , the provincial REC data were scaled 221 

down to the city level by 222 

 , ,
c P
i t i tE E p= ×  (3) 223 



 

 

where P
iE  denotes the consumption of energy type i  in province P  during year t.  224 

The REC of Hong Kong was directly obtained from published statistics rather than 225 

the above process as the Electrical and Mechanical Services Department (EMSD) 226 

regularly investigates energy consumption in residential buildings and annually 227 

releases the data.  228 

3.3 Residential stock turnover model (RSTM) 229 

Based on the current statistics for Guangdong province, the building stock turnover 230 

model was used to calculate residential stock (Hong et al., 2016; Huo et al., 2019b, 231 

2019a). The stock for a specific year (i.e., the base year), measured by floor area, is 232 

used as the initial stock to rebase the stocks of other years. The residential stocks for 233 

the years following the base year are then equal to the sum of the previous year’s 234 

stock and the current year’s newly constructed stock, deducting the current year’s 235 

demolished residential floor area (Eq. 4). The stocks for the years before the base year 236 

can be calculated from the data for the following year (Eq. 5) as follows:  237 

( )1 ,vin vin vin vin
t t t t baseS S N D t t−= + − >                  (4) 238 

( )1 1 1 ,vin vin vin vin
t t t t baseS S N D t t+ + += − + <                   (5) 239 

where vin
tS , vin

tN , and vin
tD  denote the residential, newly completed, and demolished 240 

stock in year t  and vintage vin , respectively, and baset  represents the base year. The 241 

residential stock in the base was is estimated from the housing statistics published in 242 

the 2010 population census owing to their accuracy and authority. The calculation 243 

results for other years were then checked using statistics from the national micro-244 

censuses conducted in 2005 and 2015. Additionally, the completed vintages of 245 

dwellings were divided into the following periods: before 1949, 1949-1959, 1960-246 



 

 

1969, 1970-1979, 1980-1989, 1990-1999, 2000-2009, and after 2010, which is 247 

consistent with China’s census.   248 

Although the newly completed residential floor area data were obtained directly 249 

from the Statistical Yearbook, they must be appropriately adjusted as not all newly 250 

completed dwellings are occupied immediately. Therefore, as shown in Eq. (6), the 251 

newly completed residential building floor area derived directly from the yearbook 252 

were divided by an adjustment coefficient tα  to scale them down. As a variable, the 253 

role of tα  is to minimize the deviation of the model through linear programming 254 

(Huo et al., 2019a).  255 

 /vin yearbook
t t tN N α=  (6) 256 

The current year’s demolished residential stock is defined as the previous year’s 257 

stock multiplied by the demolition rate vin
tr  of year t , as shown in Eq. (7), and the 258 

demolition rate is calculated by the probability vin
tP  that dwellings will be demolished 259 

in year t  (Eq. (7)). Dwellings that reach the end of their lifetime are considered to 260 

have been demolished, with the demolition probability of dwellings following a 261 

normal distribution (Hong et al., 2016; Hu, 2010; Huo et al., 2019a) as follows: 262 
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            (7) 263 

where vin
tage  is the age of dwellings in year t  and vintage vin , µ  denotes the average 264 

lifespan of residential stocks, and σ  is the standard deviation. The average lifespan of 265 

buildings in China is 30-40 years, which is well below their designed lifespan of 50 266 



 

 

years (Song, 2010). According to previous field investigations, the average lifespan 267 

µ  of buildings is 34.36 years with a standard deviation σ  of 15.47 years and a 90% 268 

confidence-level (Liu et al., 2014). Owing to the lack of stock in the previous year, 269 

vin
tD  and vin

tr  in Eq. (7) were substituted into Eq. (5), enabling the residential stocks 270 

before the base year to be determined by  271 

 ( ) ( )1 1
1

1 ,
1

vin
vin vin vin t
t t t basevin

t

PS S N t t
P+ +

+

−
= − ⋅ <

−
 (8) 272 

For the Hong Kong and Macao SARs, the residential stocks in base year were 273 

estimated from the per-capita living space, as the total housing stock statistics were 274 

not included in the census.   275 

3.4 Data source  276 

The REC data were obtained from the Statistical Yearbooks of the provinces and 277 

cities. The residential stocks in base year 2010 were retrieved from the Tabulation of 278 

the 2010 Population Census of Guangdong Province, and other housing data were 279 

obtained from the micro-censuses (i.e., the National 1% Population Sample Survey) 280 

conducted in 2005 and 2015, of which the sample size exceeds five million. The 281 

remaining data (population, urbanization rate, and newly completed residential floor 282 

area) were obtained from each city’s Statistical Yearbook. For Hong Kong, the energy 283 

consumption and housing data were obtained from the Energy End-use Data (EMSD, 284 

2017) and Annual Digest of Statistics (CSD, 2017), respectively. For Macao, the raw 285 

data of the base year, i.e., 2011, were derived from the Results of 2011 Population 286 

Census and the energy balance tables (2000-2016) obtained from the website of 287 

Macao Statistics and Census Service (DSEC). The remaining data were all obtained 288 

from the Statistical Yearbooks.  289 



 

 

3.5 Uncertainty analysis  290 

Uncertainties may exist in residential activity statistics owing to incomplete data, 291 

subjective judgement, and variable data quality (Y. Zhou et al., 2018). The 292 

uncertainties associated with the inputs and parameters of these models can 293 

significantly affect the precision of the outputs (Zhou et al., 2015). In this study, the 294 

Monte Carlo method recommended by the Intergovernmental Panel on Climate 295 

Change (IPCC, 2006) was adopted to assess the uncertainties in the cities’ REC and 296 

residential stock. It was assumed that the residential activity data follow a normal 297 

distribution (Liu et al., 2015), and the coefficients of variation (CV, standard 298 

deviation divided by the mean) were set to 20% (Zhao et al., 2011). By using Monte 299 

Carlo simulation, 10,000 values were generated for each model input and parameter, 300 

which were then fed into the REC and residential stock models. Finally, the 301 

uncertainties were presented as the intervals with lower and upper bounds of 95% 302 

confidence around the central model results.  303 

4. Results  304 

4.1 REC, residential stock, and intensity of the GBA 305 

The REC and residential stock of the entire GBA from 2000 to 2016 were obtained 306 

by summating the calculation results of the eleven cities (Table 2 and 3). The total 307 

REC significantly increased from 2000-2016 (Fig. 5a), reaching 29.1 million tons coal 308 

equivalent (Mtce) in 2016, with a 2.2-fold growth over the past 16 years. The annual 309 

growth rate fluctuated between 0.8% and 12.1%, indicating that the curve was 310 

approximately step-shaped. The residential stock of the 11 GBA cities increased 311 

steadily from 980 Mm2 in 2000 to 1385.1 Mm2 in 2016, with an average annual 312 

growth rate (AAGR) of 2.2%. The annual growth has slowed gradually, particularly 313 

in the past five years (Fig. 5b).  314 



 

 

Table 2 REC of 11 GBA cities, 2000-2016 (104 tons coal equivalent) 315 
City 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 
Guangzhou 254.0 274.8 301.0 311.2 330.8 352.7 399.9 417.3 462.3 535.7 567.7 574.3 609.0 605.2 684.1 715.0 731.4 
Shenzhen 184.8 193.7 194.8 219.5 232.5 242.8 272.3 311.4 309.7 368.3 352.3 399.9 451.1 439.8 543.8 507.6 566.6 
Hong Kong 167.5 169.3 171.9 177.1 175.0 181.0 184.2 186.7 190.6 197.0 199.3 200.8 204.5 199.3 211.3 205.5 209.7 
Macao - 16.9 17.8 18.4 19.4 21.5 21.8 22.9 23.6 24.4 24.1 25.8 30.6 30.6 33.7 34.7 35.2 
Foshan 37.2 36.8 37.9 40.7 42.6 48.3 49.2 63.3 60.7 63.8 71.7 79.0 85.6 83.8 92.3 97.3 97.8 
Dongguan 107.4 111.3 117.2 118.9 123.3 128.1 115.9 132.2 137.0 154.0 160.1 175.2 189.4 229.4 225.6 237.6 253.9 
Jiangmen 95.9 100.6 107.7 106.6 112.0 118.4 121.0 148.5 121.9 135.6 146.7 156.4 160.9 163.4 174.4 182.6 190.1 
Huizhou 160.5 163.9 169.7 159.0 154.7 190.1 186.0 229.8 244.9 261.6 264.2 289.5 311.0 318.9 364.2 373.5 383.2 
Zhaoqing 74.6 77.8 82.4 90.3 73.6 82.0 77.6 82.3 89.3 99.1 106.5 116.7 121.1 125.5 137.7 141.1 153.8 
Zhongshan 116.8 117.3 121.9 120.7 126.8 111.5 126.4 128.3 132.6 124.0 125.5 134.2 138.8 140.4 161.0 154.3 158.9 
Zhuhai 103.7 105.7 108.3 102.1 100.8 101.0 98.5 105.8 105.9 109.5 111.1 118.8 119.7 122.3 127.9 130.0 133.3 
Total 1302.5 1368.0 1430.5 1464.5 1491.7 1577.4 1652.8 1828.5 1878.5 2073.0 2129.2 2270.6 2421.7 2458.7 2756.0 2779.2 2913.9 

 316 
Table 3 Residential stock of 11 GBA cities, 2000-2016 (Million m2) 317 

City 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 
Guangzhou 217.5 226.4 235.9 244.5 250.5 256.6 261.4 266.6 270.5 275.1 279.0 282.9 286.6 289.8 296.0 300.0 302.1 
Shenzhen 97.3 105.2 114.6 127.2 139.4 146.7 152.2 156.4 160.6 163.5 166.0 167.1 168.3 168.7 170.0 170.0 170.8 
Hong Kong 96.2 98.3 101.1 102.9 104.9 106.0 107.1 107.5 107.8 108.2 108.4 108.7 109.0 108.9 109.5 109.7 110.0 
Macao 9.8 9.8 9.8 9.9 9.9 10.0 10.1 10.2 10.2 10.4 10.6 10.6 10.7 - - - - 
Foshan 24.9 25.3 26.0 26.6 27.0 27.9 28.7 29.9 31.6 33.8 34.6 36.9 39.7 42.3 43.1 44.1 46.8 
Dongguan 143.9 148.2 152.7 156.6 161.1 165.6 167.8 170.3 171.4 174.2 180.8 183.1 185.3 187.4 188.2 187.7 188.1 
Jiangmen 68.1 69.3 70.8 72.4 74.4 76.3 78.6 82.1 85.6 92.0 97.8 100.6 103.7 107.8 112.6 115.0 118.1 
Huizhou 83.6 87.1 93.9 101.5 106.4 111.9 112.8 113.9 119.4 125.4 130.2 131.0 132.4 132.8 134.1 134.8 134.5 
Zhaoqing 49.7 51.2 53.0 54.7 56.4 59.1 61.8 64.3 66.3 68.7 71.4 75.7 78.0 81.6 84.2 88.2 90.6 
Zhongshan 116.3 117.7 118.7 119.9 119.8 120.7 121.3 121.6 122.0 123.2 123.9 124.9 125.6 126.2 127.0 127.3 127.4 
Zhuhai 72.6 74.7 76.4 78.5 80.6 82.5 84.3 86.4 88.7 91.2 94.3 94.9 95.7 96.5 97.1 96.3 96.7 
Total 980.0 1013.3 1053.0 1094.6 1130.4 1163.4 1186.2 1209.3 1234.2 1265.7 1296.8 1316.3 1334.9 1342.0 1361.8 1373.2 1385.1 



 

 

 318 
Note: ranges of uncertainties are shown as shaded areas and correspond to a 95% confidence interval 319 
(CI). 320 

Fig. 5. Residential energy consumption (REC) of GBA. 321 

The REC intensity was relatively stable during 2000-2005, and then increased 322 

gradually to 21.0 kgce/(m2*a) in 2016 (Fig. 6). The REC intensities grew in both core 323 

and node cities. However, those in the former have increased much more rapidly since 324 

2006, and the growth in the latter has eased in recent years. Therefore, the gap 325 

between them has increased from the small disparity in the past. The average 326 

intensities of the GBA greatly exceed those of urban China, and those of the node 327 

cities are no exception.  328 

 329 
*Data source: Annual report on China building energy efficiency (THU-BERC, 2013).  330 

Fig. 6. REC intensity of GBA.  331 
 332 
4.2 Characteristics by city 333 

4.2.1 Guangzhou 334 

As the capital of Guangdong province, Guangzhou is not only the starting point of 335 

“Marine Silk Road”, but also an international metropolis. As it has the largest 336 



 

 

 337 
(Note: error bars for each column represent the range of uncertainties with 95% confidence interval.) 338 

Fig. 7. REC and residential stock by city in selected years. 339 



 

 

population and jurisdiction, Guangzhou has consistently had the largest REC and 340 

residential stock among the GBA cities (Fig. 7), and both increased significantly 341 

during 2000-2016, with the former growing by 2.9 times and the latter increasing by 342 

39%. This is attributed to the great housing demand caused by the rapid population 343 

growth and economic development of Guangzhou. The REC intensity has slightly 344 

grown annually and stabilized in the final three years (Fig. 8).  345 

 346 
Fig. 8. REC intensity by city. 347 

 348 

4.2.2 Shenzhen 349 

Shenzhen was the first Special Economic Zone in China and is one of the world’s 350 

fastest-growing megacities (Y. Zhou et al., 2018). Both the REC and residential stock 351 

of Shenzhen approached those of Hong Kong in 2000 and have since grown 352 

substantially (207% and 76%) and rapidly (AAGR of 7.6% and 3.6%). As with 353 

Guangzhou, this significant growth can be attributed to demographic and economic 354 

expansion. However, the residential stock stabilized after the initial rapid growth, with 355 

the rapid growth rate decreasing to below 1% in the last five years. Shenzhen has the 356 

largest REC intensity, which has increased dramatically and continues to grow. In 357 

contrast, Shenzhen’s REC intensity was very close to that of Hong Kong before 358 

rapidly growing, indicating that the building energy efficiency of these two megacities 359 

was very similar in the past.  360 



 

 

4.2.3 Hong Kong 361 

With over 7.4 million people occupying a territory of 1,104 km2, Hong Kong is the 362 

world’s fourth-most densely populated region. Owing to its high density, the 363 

population has grown slowly since 2000. As such, the REC and residential stock of 364 

Hong Kong have increased by only 25% and 14% from 2000 to 2016, with AAGR 365 

values of 1.4% and 0.8%, respectively. The REC intensity has remained relatively 366 

stable, fluctuating slightly (+5.5% to -3.1%) between 16.7 and 19.3 kgce/(m2*a). In 367 

contrast to 2000, the REC intensity of Hong Kong in 2016 was the lowest of the core 368 

cities, indicating the city’s long-term progress in building energy conservation.  369 

4.2.4 Macao 370 

As it has the smallest population and territory (Fig. 2), both the REC and residential 371 

stock of Macao are the lowest of the GBA cities. However, as it is the most densely 372 

populated region in the world, the residential stock is highly saturated (AAGR of 373 

0.7%). The REC has more than doubled since 2001, with a continuously increasing 374 

intensity. Despite the missing data in 2013-2016, Macao’s REC intensity was highest 375 

among the 11 GBA cities during 2004-2012, indicating lower residential energy 376 

efficiency than that of the other cities.  377 

4.2.5 Node cities 378 

The RECs of the node cities have increased substantially over the past 16 years, 379 

excluding Jiangmen and Zhaoqing (Fig. 7a). The overall growth varied from 28% in 380 

Zhaoqing to 163% in Zhuhai. Consistent with the population size (Table 1), 381 

Dongguan consistently exhibited the highest REC among the node cities, while that of 382 

Zhuhai was lowest. The REC of Foshan, Dongguan, and Zhongshan has significantly 383 

grown in the past five years, increasing by 45%, 32%, and 32%, respectively. 384 

Although the residential stock of all node cities grew during 2000-2016, that of 385 



 

 

Foshan, Dongguan, Jiangmen, and Zhaoqing has stabilized since 2012 (Fig. 7b). The 386 

residential stock in Jiangmen has grown by only 10% due to the slight demographic 387 

growth. The REC intensities of most node cities increased with fluctuations (Fig. 8) 388 

and were highest in Dongguan and Zhuhai after significantly increasing, while those 389 

in the other cities were stable.  390 

4.3 Uncertainty 391 

After repeating the simulation procedure for 10,000 times using the Monte Carlo 392 

framework, the uncertainties of the model results were obtained. Approximately 95% 393 

of the uncertainties (±47.5% CI around the central result) of the REC for 11 GBA 394 

cities were all below 1% (Table 4), and the highest uncertainty in the residential stock 395 

appeared in Shenzhen in 2000 [-2.2%, 2.2%], which fell within the range of ±5%. 396 

This indicates that the estimations in this study were relatively accurate and 397 

realizable.  398 

Table 4 Maximum uncertainty of model results  399 
City REC (104 tce) Residential stock (Mm2) 

Model result Uncertainty Model result Uncertainty 
Guangzhou 731.4  (-0.4%, 0.4%) 217.5  (-1.7%, 1.7%) 
Shenzhen 566.6  (-0.4%, 0.4%) 97.3  (-2.2%, 2.2%) 
Hong Kong 209.7  (-0.4%, 0.4%) 96.2  (-1.3%, 1.3%) 
Macao 35.21 (-0.4%, 0.4%) 9.8  (-1.8%, 1.9%) 
Foshan 253.9  (-0.4%, 0.4%) 143.9  (-1.6%, 1.6%) 
Dongguan 383.2  (-0.4%, 0.4%) 83.6  (-2.1%, 2.1%) 
Jiangmen 158.9  (-0.5%, 0.5%) 116.3  (-1.3%, 1.3%) 
Huizhou 190.1  (-0.5%, 0.5%) 68.1  (-1.9%, 1.9%) 
Zhaoqing 133.3  (-0.5%, 0.5%) 72.6  (-1.8%, 1.8%) 
Zhongshan 153.8  (-0.4%, 0.4%) 49.7  (-1.9%, 1.9%) 
Zhuhai 97.76  (-0.4%, 0.4%) 24.9  (-1.8%, 1.8%) 

Note: The percentages in the parentheses indicate the 95% confidence interval around the central 400 
model results.  401 
 402 

5. Discussion 403 

5.1 Causes of differences in the REC   404 

The REC is determined by the interactions of various factors (Cai, 2011). 405 

Socioeconomic aspects and the behavior of the occupants, as well as physical 406 



 

 

characteristics, such as climate, heating type, and housing unit size and age, are 407 

critical (Mora et al., 2018). As all GBA cities are located in a subtropical area, there is 408 

little variation in their climatic characteristics. However, there are significant socio-409 

economic differences (Table 1) that resulted in their distinct RECs. The REC of the 410 

GBA cities was positively related to their population size (Fig. 9a). Therefore, it can 411 

be concluded that the expanding population lead to the growth in energy 412 

consumption, and the REC of GBA cities is consistent with their population size (Fig. 413 

7). Excluding the Hong Kong and Macao SARs, there was also a positive correlation 414 

between the REC and real GDP (Fig. 9b). Economic growth contributes to a rise in 415 

the income level of occupants, leading to undertake more energy-consuming 416 

activities, such as owning more appliances and using air-conditioners for longer. 417 

However, the REC was not sensitive to GDP growth in the Hong Kong and Macao 418 

SARs over the past 16 years. This may be attributed to the stable ownership of 419 

appliances and energy-consuming behaviors associated with the high living standards 420 

since the 1990s. REC is also positively related to the residential stock (Fig. 9c). 421 

Similar to the population size, the growth of residential stock can drive the REC, 422 

though some of the new stock might be temporarily vacant (Zhou and Lin, 2008). An 423 

exponential relationship between the REC and residential stock was observed in 424 

Guangzhou, Shenzhen, and Foshan. Therefore, more effort should be devoted to 425 

building energy conservation in these cities.  426 



 

 

 427 
*Note: GDP data are at 2000 constant price. 428 

Fig. 9. REC versus socio-economic indicators.  429 

The form and unit area of residential buildings greatly impacted the REC, and 430 

particularly the end-use consumption of lighting, air-conditioning, and heating (Hu, 431 

2013). The larger the residential unit, the more energy these three end-uses consume, 432 

and vice versa. For instance, apartments with 3-4 rooms and single-family detached 433 

homes account for over 60% of the residences in Guangzhou, and both generally have 434 

a large unit area (Fig. 10a). In contrast, small-sized houses account for most of the 435 

residences in Hong Kong, and dwellings larger than 70 m2 account for only 10% of 436 

the total (Fig. 10b). This also explains the lower REC intensity of Hong Kong than 437 

that of the other core cities. Moreover, the stability of the REC intensity in Hong 438 

Kong can also be attributed to the long-term dominant housing stock.  439 



 

 

 440 
Fig. 10. The residential stock of selected cities by housing size in 2016.  441 

Another reason for the difference is the construction vintage of buildings. With 442 

rapid demographic growth and urbanization, significant city renewal has occurred in 443 

the cities of Guangdong. Furthermore, the increasing demand for improved living 444 

standards has contributed to the evolution of new residential stock (Yang et al., 2017). 445 

Approximately 50-60% of the residential stock of most GBA cities constructed was 446 

after 2000, and over 80% was completed after 1990 (Fig. 11). In contrast, as there are 447 

limited land resources in these regions, dwellings built after 2000 account for only 448 

22% of the dwellings in Hong Kong and 13% of those in Macao. Correspondingly, 449 

the REC intensity is higher in cities with a higher amount of new residential stock 450 

(Fig. 8). Newly-built residences are more energy-consuming, despite their improved 451 

insulation and ventilation. The REC savings achieved by improving the technologies 452 

used in buildings may not be sufficient to offset the increment induced by larger 453 

housing units and the higher amounts of household electrical appliances (Karatasou 454 

and Santamouris, 2019).  455 



 

 

 456 
Fig. 11. The residential stock of GBA cities by construction vintage.  457 

Finally, occupant behaviors also have a significant impact on building energy 458 

consumption (Wang et al., 2019). However, this factor is not discussed here as it is 459 

difficult to quantify the micro differences in such behaviors (such as usage patterns) 460 

using macro energy statistics alone.  461 

5.2 Policy implications 462 

The increasing energy intensity of dwellings has begun to attract widespread public 463 

attention. To curb the incremental energy consumption in buildings, the central 464 

government issued the China Act on the Energy Efficiency of Civil Buildings in 2008, 465 

which has achieved several goals in the past decade. The MOHURD then formulated 466 

the “double-control” (i.e., total amount and intensity) strategy for Chinese civil 467 

buildings (Ma et al., 2019). To respond to the national strategies, the regional 468 

governments continued to develop local regulations with detailed provisions (Table 469 

5). For example, as early as 2006, the Building Energy Conservation Ordinance was 470 

implemented in Shenzhen, but the REC intensity of the city has increased 471 

dramatically with economic development and the increase in living standards. In 472 

contrast, Guangzhou’s Regulations for Green Buildings and Building Energy 473 

Conservation, which mandates the use of solar energy water-heating systems in newly 474 



 

 

built dwellings of 12 stories or less, villas, and rural housing, were not enacted until 475 

2013. Furthermore, as the above provision is only applicable to new construction, it 476 

was not effective until 2015, when the intensity peaked and grew by only 3.1%. Other 477 

cities in Guangdong Province have successively introduced regulations that have had 478 

a clear effect. The REC intensities of most cities have followed a stable trend and 479 

grown slightly, while there are still large fluctuations in Dongguan and Zhuhai.  480 

Table 5 Policies of building energy conservation in the GBA cities. 481 
City Year Policy  REC-related provision 
Guangzhou 2013 Regulations for Green 

Buildings and Building 
Energy Conservation 

 ①  

Shenzhen 2006 Building Energy 
Conservation Ordinance 

 ①  

 2013 Green Building Promotion 
Method 

 Encourage the use of 
solar photovoltaic 
systems 

Hong Kong 2010 Energy Efficiency Labelling 
Scheme (EELS) 

 Mandate the use of 
energy efficient 
appliances 

Macao 2009 Building Energy 
Optimization Technical 
Guidelines 

 - 

Foshan 2007 Building Energy 
Conservation Measures  

 ①  

Dongguan 2007 Building Energy 
Conservation Regulations 

 Retrofit the buildings 
with consumption 
exceeding 30% of 
national building energy 
efficiency standard 

Jiangmen 2009 Temporary Measures on 
Building Energy 
Conservation 

 ①  

Huizhou - N.A.  - 
Zhaoqing 2013 Management measures on 

Building Energy 
Conservation in Civil 
Buildings 

 ①  

Zhongshan 2008 Near-term Planning for 
Building Energy 
Conservation Work 

 ①  

Zhuhai 2009 Building Energy 
Conservation Measures  

 ① 

① : Mandate the use of solar energy water heating systems in newly built dwellings with 12 stories or 482 
less. ① : Encourage the use of solar energy water heating systems in residential buildings.  483 

The SAR government of Hong Kong introduced a mandatory Energy Efficiency 484 

Labelling Scheme (EELS) through the Energy Efficiency (Labelling of Products) 485 

Ordinance in November 2009 to mandate the use of energy-efficient air-conditioners, 486 



 

 

refrigerating appliances, and compact fluorescent lamps, and its coverage was 487 

extended to washing machines and dehumidifiers in March 2010. Therefore, the REC 488 

intensity in Hong Kong has remained stable since 2010, with an average annual 489 

growth rate of only 0.7%. However, there have been no mandatory regulations for 490 

building energy efficiency in Macao until now. The Technical Guidelines for Building 491 

Energy Efficiency Optimization introduced in 2009 has not been effective due to the 492 

lack of compulsory provisions. Therefore, the residential energy intensity in Macao 493 

has continued to increase with increasing economic growth.  494 

In the future, a series of detailed plans and regulations should be formulated to 495 

encourage cities to respond to national policies and plans for energy conservation in 496 

buildings. For instance, advanced areas, such as Beijing and Shanghai, have adopted 497 

more stringent building design requirements targeting energy savings (e.g. 65%) than 498 

the national standards (Li and Shui, 2015). Moreover, as electricity consumption 499 

accounts for most of the REC, the use of energy-efficient appliances should be made 500 

mandatory. Additionally, governments need to continue to promote the use of 501 

renewable energy in residential buildings, such as solar water heaters and solar 502 

heating systems, which are expected to reduce the REC by up to 10-15% and 45% 503 

respectively (CWPVA, 2010; Liu et al., 2019).  504 

5.3 Future outlook 505 

Given that the REC intensities of most GBA cities have plateaued (Fig. 8), the 506 

future trend of REC is more related to the population size and residential stock. 507 

Additionally, there is a significant positive correlation between residential stock and 508 

the population size (Fig. 12). Therefore, increases in the population can drive the REC 509 

indirectly by increasing the residential stock. Over the past 16 years, the population of 510 

the GBA has grown from 50 million to 68 million at an annual rate of 1.9% (NBS, 511 



 

 

2017). Although the annual growth fell below 1% during 2011-2014, it has risen 512 

above 2% since the GBA’s conception was first stated in the national policies in 2016. 513 

Over 80% of the population growth in the past two was in Guangzhou and Shenzhen. 514 

Therefore, the REC of these two core cities will continue to rise and peak in the next 515 

few years due to low population growth, high urbanization, and the reduction of 516 

residential construction as the per-capita living space meets the international levels 517 

(N. Zhou et al., 2018). In contrast, the REC of the two SARs will be stable in the long 518 

run, as the population and dwelling stock are continuously slightly increasing. The 519 

annual demographic growth rate of the node cities has been approximately 0.5% in 520 

recent years. The residential stocks in Foshan, Dongguan, Jiangmen, and Zhaoqing 521 

have risen slightly since 2012, while those of the three cities are still increasing (Fig. 522 

7b). Therefore, it is unlikely that the REC of node cities will grow substantially, 523 

excluding that of Zhuhai, Huizhou, and Zhongshan. As the RECs of Guangzhou and 524 

Shenzhen account for a large proportion of the total, the REC of entire GBA is 525 

expected to rise before the REC of these two cities peaks.   526 

 527 
Fig. 12. Residential stock versus population. 528 

 529 

6. Conclusions  530 

    Accurately measuring comprehensive and objective REC data for cities is 531 

important for policy development, implementation, and impact evaluation at the city 532 



 

 

level. In this study, a REC calculation model at the city level (CRECM) based on 533 

energy statistics and an improved residential stock turnover model (RSTM) were 534 

developed. Based on the above models, the REC and residential stock of 11 GBA 535 

cities from 2000 to 2016 were calculated, and the REC intensity was then derived to 536 

measure the residential energy efficiency by dividing the REC by the residential 537 

stock. The main conclusions are as follows.  538 

    First, the REC of the 11 GBA cities has significantly increased over the past 16 539 

years, resulting in a 2.2-fold growth in the entire bay area. The total REC of GBA is 540 

expected to increase until the RECs of Guangzhou and Shenzhen peak, as the REC 541 

intensities of most cities have stabilized.  542 

    Second, the residential stock of the GBA has stabilized in recent years after rising 543 

from 980 to 1350 Mm2, while that of some cities (i.e., Zhuhai, Huizhou, and 544 

Zhongshan) is expected to increase in the future.  545 

    Third, the REC of GBA cities is positively related to the population size, GDP, and 546 

residential stock, which can explain the differences in the RECs between cities. The 547 

unit area and construction vintage of residences also contribute to this difference.  548 

    The CRECM and RSTM proposed in this study can not only provide reliable data 549 

to understand the evolution trend of the REC, but also help to formulate and evaluate 550 

energy-saving policies. Furthermore, the data source is authoritative and data 551 

collection is convenient. Future work should focus on expanding the investigation to 552 

other cities across the country and further improving the models.  553 
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