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Abstract This study analyses the determinants of building energy efficiency in different climate 
zones and user types. The energy consumption of buildings in different climate zones can be 
affected by well-known determinants in different ways. So do the buildings with different user 
types. The primary aim of this study is to investigate how building energy efficiency is determined 
in five major climate zones and four main property types. This study uses the global building 
data (Points Achieved dataset) from the Leadership in Energy and Environmental Design (LEED) 
rating system 2010 to conduct three cross-sectional tests with logit regression models. The results 
confirm that the determinants of building energy efficiency are the location of the building, adop-
tion of Building Energy Codes (BECs), climate zones, building types, regional economic devel-
opment level (namely Gross National Income—GNI, Purchasing Power Parity—PPP) and pop-
ulation density. However, the impact of the determinants varies considerably in different climate 
zones or for different building types. This is the first empirical study exploring building energy 
efficiency and how it is determined in different climate conditions and user types. The findings 
are helpful for the stakeholders, such as policymakers, developers, and local authorities, when 
they hope to implement measures to improve building energy efficiency and the policy/regula-
tion to boost it. Each building requires specific measures that suit its different climate zones or 
building types to enhance energy efficiency. 
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Acronyms 
• LEED—Leadership in Energy and Environmental Design 
• GDP—Gross Domestic Product 
• PPP—Purchasing Power Parity 
• GNI—Gross National Income 
• BECs—Building Energy Codes 
• USGBC—U.S. Green Building Council 
• HVAC—Heating, Ventilation, and Air Conditioning 
• CO2—Carbon Dioxide 
• EUI—Energy Use Intensity 
• UHI—Urban Heat Island 
• REC—Residential Energy Consumption 

1. Introduction 
The energy crisis and climate deterioration are among the hottest issues in the world today, 

and energy saving has become a common goal. Global energy consumption is estimated to in-
crease by 32% from 2012 to 2035 [1]. Buildings consume around 40% of the total global energy 
yearly, which is expected to be further aggravated due to population growth [2,3]. Therefore, 
increasing the building’s energy efficiency is crucial to solving energy crisis issues. A range of 
retrofit measures are found to help improve the energy efficiency of buildings, such as passive 
[4,5] and renewable energy systems [6]; however, the effectiveness of these measures is incon-
sistent due to the different features, locations and even uses of buildings. Various factors that 
impact building energy efficiency have been explored; however, the previous studies focus on 
one or some specific factor(s) and then investigate the interactive impacts of multiple factors. For 
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example, it is widely agreed that the surrounding environment, such as the urban form [7] and 
the urban heat island effect [8], can affect building energy efficiency. Another study suggests that 
urban form can be expressed and measured not only in terms of the physical structure of a city 
in terms of land use or land cover but also of socioeconomic aspects, such as population size or 
density [9]. There can be fundamental differences in building energy efficiency between building 
types [10]. The climate is often seen as one of the factors affecting the energy consumption of a 
building in some previous research [11–14]. 

Moreover, the economic development level [15] and energy consumption policies, such as 
tax subsidies [16], innovation encouragement [17,18], and raising public awareness [19,20] are 
found to affect building energy efficiency globally. Building energy efficiency is complex and can 
be determined by many factors in various ways. It is essential to understand how each factor 
determines the building’s energy efficiency while considering other factors. This study conducts 
a comprehensive analysis of the determinants influencing building energy efficiency across a di-
verse array of climates and building types globally, utilising a unique dataset from LEED-certified 
projects. By employing logit regression models, this research not only investigates traditional fac-
tors such as economic indicators and population density but also integrates these with climatic 
and building-specific characteristics in a novel empirical framework. The findings offer critical 
insights for tailoring energy efficiency strategies to diverse environmental and economic contexts, 
thereby supporting global sustainability goals. This approach marks a significant advancement 
over prior studies that have typically focused on narrower regional scopes or limited sets of de-
terminants. 

The global building data (Points Achieved dataset) from the LEED rating system from 2010 
to 2020 is used, and three logit regression models are employed to test our hypothesis empirically. 
The results shed some light on the stakeholders, such as policymakers and property developers, 
in building renovation and development to achieve high energy efficiency. 

The remainder of the paper is organised as follows. We review the relevant key literature 
focusing on the various factors impacting building energy efficiency. The theoretical framework 
and hypothesis development are provided in Section 3. Data and methodology are demonstrated 
in Section 4; Section 5 presents and discusses the results. The final section concludes this study. 

2. Literature Review 
Urban density can take many forms, such as building density, road network density, popula-

tion density, etc. [21]. Urban density can be measured by building density; however, a fixed area 
or city limits are given where building density can be calculated with relative accuracy, whereas 
for larger cities, suburban areas and urban fringe may lead to significant errors in the calculation 
of overall city building density. Population density can also measure urban area density, espe-
cially in the study that includes more prominent cities, suburban areas, and urban fringe. Urban 
population density is often considered the reason for various urban environmental problems, 
such as aggravating UHI effect [22,23] and increasing urban pollutants [24]. In particular, UHI 
can indirectly increase building energy consumption by altering the temperature around the 
building. UHI is thought to be a phenomenon of  heat accumulation due to buildings and human 
activities, with some urban areas experiencing higher temperatures compared to the nearest sur-
rounding rural areas [25,26], which indirectly results in the necessity for buildings in cities to 
consume additional energy to maintain indoor thermal comfort [27]. Population density can also 
have a direct impact on a building’s energy consumption. On the one hand, high population 
density means low per capita costs for transporting energy such as gas [28], which may lead to 
the better use of renewable energy systems [29]. On the other hand, study suggests that popula-
tion density hurts the use of non-renewable energy sources [30]. Some research suggests that the 
relationship between urban density and building energy consumption may vary fundamentally 
from city to city [31] due to other factors influencing energy consumption, such as climate, build-
ing design, and resident behaviours [32]. 

Building type is also found to affect building energy efficiency. Most studies on building en-
ergy efficiency have been conducted on residential buildings. By 2030, it is predicted that around 
three-quarters of the population will be living in cities [33]. The residential property sector is 
responsible for approximately 25% of global energy consumption and 17% of global CO2 emis-
sions, making it essential for reducing energy consumption and carbon emissions [34]. Globally 
speaking, studies found that the energy consumption in residential buildings is high in some spe-
cific regions, such as the USA [35,36] and China [37,38]. Amongst a few studies, the relationship 
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between a particular building type and building energy efficiency has been explored in non-res-
idential buildings, such as commercial buildings [39–41], office buildings [42,43], and educa-
tional buildings [44,45]. Very few studies have included all building types. Some studied major 
building categories within the European region [10]; however, the global study can shed more 
light on this research question. 

Buildings in different climate zones exhibit different energy efficiency patterns. Climate clas-
sification has been proposed since the early 20th century [46]. From 1949 to 1960, countries with 
extreme climates called for climate zoning to be used in programmes to reduce energy consump-
tion in buildings [47]. There are some generic climate classification systems for building energy-
related research and applications. The most typical one is the Köppen-Geiger system (Figure 1), 
which classifies climate into five main categories and is the most widely used climate classification 
system in many fields [48,49]. For example, some studies have selected major categories or sub-
categories of this climate classification system as specific climatic environments to explore strate-
gies for optimising the envelope to improve building energy efficiency [50–52]. Several research-
ers have focused on improving the energy efficiency of buildings by optimising building materials 
in specific climatic zones of the system [52–55]. They all use the Köppen-Geiger system for the 
factors directly influencing building composition on energy efficiency [56,57]. However, the pre-
vious studies were conducted in only one specific climate zone, which cannot address building 
energy efficiency under different climates, which requires further research. Moreover, several 
strategies have been developed to boost energy efficiency across different climates, such as chang-
ing building orientation [58–60], changing materials [60–62], windows [58], increasing shading 
[63,64], improving ventilation systems [65], and utilising various renewable energy systems 
[66,67], etc. However, with the ongoing shifts in global climate, these strategies might require 
adaptations. For instance, passive energy-saving techniques effective in temperate zones for re-
ducing winter energy use could inadvertently increase the risk of overheating and higher cooling 
energy consumption in summer. This could lead to these measures failing to deliver the antici-
pated benefits, such as when increasing the insulation of building envelopes [68]. 

 
Figure 1. The Köppen-Geiger climate classification maps [49]. 

It is widely accepted that the economic development level impacts local building energy effi-
ciency. PPP, GNI and GDP are often used as indicators to measure the level of regional econo-
mies, as they are all essential criteria for measuring and evaluating economic and social develop-
ment [69–71]. Among them, GDP measures the goods (purchased by users) and services a coun-
try produces over time and counts all the output generated within a country [72]. Unlike GDP, 
GNI is an indicator of the value of the income generated by individual citizens of a country, 
regardless of where the income is generated [73]. PPP is used as a price indicator to compare the 
economic productivity and living standards of various countries and is an indicator of the strength 
of national currencies, usually expressed in U.S. dollars [74]. Most studies that have examined 
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the relationship between economic factors and building energy consumption have been con-
ducted in residential buildings. The amount of energy consumed by residential buildings is re-
lated to the economic level of the occupants [75]. In this regard, economic development levels 
are closely related to household purchasing power and affect residential energy consumption. 
Firstly, the economic development level determines the purchasing power of energy consumer 
goods, including energy. As the economy grows, households are likely to improve their amenities 
and purchase appliances, cars, etc., due to increased income. The manufacture and use of these 
items will primarily increase energy demand, and these durable goods will continue to consume 
energy for a long time [76,77]. Secondly, the economic development level also affects the pur-
chasing power of energy. Higher-income levels give the citizens a higher elasticity of energy con-
sumption response to changes in energy prices. At the same time, those with lower-income pop-
ulation groups are more vulnerable to changes in energy prices [78]. Low-income households 
face high energy prices and low levels of residential energy efficiency that leave occupants without 
access to heating, cooling, and lighting, defined as “energy poverty” [79–81]. Energy poverty can 
exacerbate the economic pressures on poor households. Thus, the economic development level 
indirectly affects the energy efficiency of residential buildings by influencing the level of purchas-
ing power. It is worth noting that these studies are all about residential buildings in specific coun-
tries or regions, and PPP is more applicable for comparative studies involving countries or re-
gions. 

GNI often indicates economic-level studies on energy consumption in residential buildings. 
Researchers believe that GNI positively correlates with residential energy use [82]. In addition, 
per capita GNI has been used for research on energy consumption in residential buildings. Coun-
tries with high per capita GNI have high per capita total and per capita residential energy con-
sumption [34]. However, almost all the above studies have focused on energy consumption in 
residential buildings and have not addressed non-residential buildings. GDP is also commonly 
examined in studies of building energy consumption. For example, a study of eleven cities in the 
Guangdong–Hong Kong–Macao Greater Bay Area showed a positive correlation between resi-
dential building energy consumption and GDP [83]. 

Some studies found that energy consumption-related policies and regulations can affect local 
building energy efficiency. The most important of the various energy strategies is the develop-
ment of BECs, which is considered an effective strategy for improving the energy efficiency of 
buildings [84–87]. Therefore, using BECs can be considered the policy factor in this study. The 
emergence of BEC came after the oil crisis in the 1970s when European countries became aware 
of the need to conserve energy [88]. Some years later, all European Union member states were 
required to have building energy codes in place [89]. BECs exist in almost all developed countries 
to date [90], such as the United States [91] and Canada [92], etc. More and more developing 
countries are now introducing such regulations, such as India [93], China [94], and Thailand 
[95]. This shows that countries have a positive attitude towards implementing building energy 
codes. The worldwide implementation of BECs in 2013 is shown in Figure 2. 

 
Figure 2. The worldwide implementation of building energy codes in 2013 [96]. 
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It is worth noting that there may be some differences in BECs between regions or countries 
due to various factors, for example, climatic environment. A study implies that climate influences 
the implementation of building energy policies, as many standards, certification methods, and 
regulations rely on this approach [47]. In this regard, many studies on BECs in various regions 
are related to climate zones, for example, Greece [97], Brazil [98] and China [99]. Moreover, in 
some regions, the specific enforcement of BECs varies by building type, such as residential build-
ings [100], office buildings [101], hospitals and research institutes [102]. Studying the relation-
ship between BECs and building energy efficiency in the same climate zone or building type can 
lead to a clearer picture of the effectiveness of using BECs. 

3. Theoretical Framework 
Based on the review of previous studies, we develop a theoretical framework (in Figure 3) to 

demonstrate how these factors determine building energy efficiency. 

 
Figure 3. Theoretical framework and Hypothesis development. 

Figure 3 shows five categories of factors investigated separately in previous studies. Firstly, 
according to previous research, population density is more appropriate to represent urban den-
sity in studies involving urban fringe and suburban areas than building density. Secondly, previ-
ous studies suggest that there is a range of measures that can improve building energy efficiency, 
including improving the building envelope (e.g., improving insulation, changing building shapes, 
etc.), reducing heating and cooling loads (e.g., controlling solar gain, incorporating passive tech-
nologies, etc.), using renewable energy sources (e.g., solar thermal systems, etc.), using intelligent 
energy management systems (e.g., monitoring systems, etc.), improving indoor comfort while re-
ducing energy demand (e.g., increasing ventilation rates, etc.), and using energy-efficient appli-
ances and compact fluorescent lamps [103]. However, for each specific building type, the energy 
efficiency improvement measures can be very different. Thirdly, passive strategies are often im-
plemented in various schemes so buildings in different climates can adopt them [1,104]. Adap-
tation to climatic conditions has been demonstrated in studies in many different climatic zones 
[105–110]. The passive strategy analysis includes 1) building envelope, 2) orientation, 3) geomet-
ric parameters and other 4) passive, and 5) hybrid solutions [111]. Fourthly, the level of regional 
economic development tends to affect the energy efficiency of local buildings, especially residen-
tial buildings, due to the fact that the economic level of the inhabitants affects the energy con-
sumption of residential buildings. The high probability that the difference in energy consumption 
is due to the economic level of the region determines the purchasing power of local residents, 
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families with higher purchasing power are more willing to improve their living facilities and pur-
chase more energy and energy-consuming products, but this does not mean that residential build-
ings in regions with higher economic levels consume more energy, the fact is that the residents of 
these higher economic levels tend to be more environmentally friendly, and will consciously re-
duce their energy consumption [112]. Moreover, regional economic development can directly 
affect the implementation of energy-saving measures. The relatively low economic level of the 
region may have a greater limiting effect on the financial potential of investment in building 
energy-saving renovation [113], and the adoption of these measures by residents may also be 
hindered by the cost of energy policies and other financial aspects [114]. Lastly, building energy 
codes enforce minimum building energy efficiency requirements [115] and can include HVAC 
systems, lighting, solar hot water (SHW) installations and equipment, and building envelopes 
[88]. Table 1 summarises the factors that impact building energy efficiency, which have been 
confirmed. 

Table 1. The source in the diagram of the theoretical framework and Hypothesis development. 

Factor that Has Impact on Building Energy Efficiency Literature 

Per capital energy consumption [28,116,117] 

Use of renewable energy [30,118,119] 

Measures to improve energy efficiency [103] 

Passive design strategy [111] 

Awareness of  energy conservation [112] 

Purchasing power of  energy-consuming goods [76,77] 

Daily energy consumption/demand [78] 

Implementation of  building conservation measures [113,114] 

Building energy code content [88] 

This study addresses critical research gaps in the existing literature on building energy effi-
ciency, advancing our understanding through a comprehensive global analysis. The gaps ad-
dressed are as follows: 

Urban Density and Energy Efficiency: While there is ongoing debate on how urban 
density impacts building energy efficiency, previous studies have shown mixed results, often con-
founded by variables such as climate and building form. Our study integrates these factors—
examining the influence of building types and climate zones on energy efficiency across urban 
densities to provide a clearer understanding of these relationships. 

Inclusive Building Type Analysis: Historically, research has predominantly focused on 
residential buildings, with scant attention to non-residential structures. We extend this by includ-
ing a diverse range of building types—residential, industrial, public, and others—thereby filling 
a significant gap in the literature on the energy efficiency of non-residential buildings. 

Comprehensive Climate Zone Examination: Previous studies often limit their scope 
to specific climate zones. In contrast, our research encompasses all five major Köppen-Geiger 
climate classifications, offering a global perspective on how climate influences building energy 
efficiency. 

Economic Factors Across Building Types: The impact of economic factors on energy 
efficiency is less studied in non-residential contexts. Our study addresses this by analysing how 
economic conditions influence energy efficiency across different types of buildings, including in-
dustrial and public buildings. 

Global Scope of Building Energy Codes: While most investigations into the effective-
ness of BECs have been confined to specific regions or countries, our analysis expands this ex-
amination globally. We assess the impact of BECs across different legal and economic frame-
works, providing insight into their effectiveness and adaptability in various global contexts. 

By addressing these gaps, our study contributes significantly to the field of sustainable building 
research. It offers novel insights that can aid policymakers, urban planners, and developers in 
implementing more effective energy efficiency strategies tailored to diverse urban, climatic, and 
economic conditions. 

Three propositions are developed and will be empirically investigated in the next section. 
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Proposition 1: The five categories of factors can determine the building’s energy efficiency 
together; 
Proposition 2: In different climatic zones, the impact of each determinant on the building 
energy efficiency varies; 
Proposition 3: Across different building types, the impact of each determinant on building 
energy efficiency varies. 

4. Data and Methodology 
4.1. Data Descriptions 

The LEED rating system provides data that can be used to represent the energy efficiency of 
different buildings in this study. Developed by the USGBC, the LEED rating system is a globally 
recognised and comprehensive green building assessment rating system that examines building 
elements and assigns points accordingly and is now a model for the building industry [120,121]. 
In this study, the Points Achieved data of different buildings in each country measured by the 
LEED rating system for 2010–2020 was used as the dependent variable, and 56,203 buildings 
were collated. 

Moreover, building type (T), climate zone (C), regional economic level (E), urban population 
density (P), building location whether located in the city centre (L) and the use of building energy 
codes (U) are the six independent variables in this study. Firstly, the building types are categorised 
by the Project Types dataset provided in the LEED rating system. Secondly, the climatic classi-
fication of the building surroundings is based on the five main climate categories of the Köppen-
Geiger system, using the building locations provided by the LEED rating system to correspond 
to each climate zone. Third, for indicators measuring regional economic level, data on PPP and 
Per Capita Gross National Income (PGNI) for 2010–2012 are provided by The World Bank for 
each country. These data correspond one-to-one to the building certification year (CertDate da-
taset provided in LEED). Fourth, to improve accuracy, the population density, which was ob-
tained from the Urban Centre Database of the European Commission, was used in this study to 
represent urban density. What matters is that the European Commission only provides data on 
population density in urban centres. At the same time, some buildings are in urban fringe areas 
or suburbs where the population density deviates somewhat from that of the city centre. As a 
result, this part also distinguishes whether the building is located in the central urban area, which 
is the fifth independent variable. Sixth, whether a building uses the BEC or not is classified ac-
cording to the world map of BEC implementation provided by the IEA in 2013 [96]. 

Of these, the Points Achieved data, PPP, PGNI and the urban population density data are 
quantitative. In contrast, the rest of the data have been subjected to a process of categorisation 
which is qualitative, i.e., building type (T), climate zone (C), building location whether located in 
the city centre (L) and the use of building energy codes (U). Detailed information can be seen in 
Table 2. 

Table 2. Data descriptions. 
Variable Description Data Type Data Source 

Dependent  
Variable 𝑃𝑃𝑃𝑃 Points Achieved (Indicates the energy efficiency of 

buildings) numerical 

LEED rating system:  
https://www.usgbc.org/projects 

Independent 
Variables 

𝑇𝑇  Building Type 

categorical 

𝐶𝐶 Climate Zone 

𝐸𝐸𝑦𝑦 PPP 
Regional economic level 

𝐸𝐸𝑧𝑧 PGNI 

𝑃𝑃 Urban Population Density 
Urban Centre Database (European Commission): 
https://ghsl.jrc.ec.europa.eu/index.php 𝐿𝐿 Whether the building is located in the urban 

central area 
categorical 

𝑈𝑈 Whether building energy codes are used in the 
region Based on Nejat et al. [84] 

Table 3 describes the information for the data sets of Points Achieved, Urban Population 
Density, and Regional Economic Level (including PGNI and PPP). 
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Table 3. Summery statistics of data. 
Data Sets Mean Median Std. dev. Max Min 

Points Achieved 59.16 57.00 16.03 127.00 12.0 

Urban Population Density  
(inhabitants/km2) 2709.42 1770.00 2551.96 24,117.00 546.00 

PGNI (current US$) 50,544.46 55,800 16,914.04 104,370 400 

PPP (constant 2017 billion US$) 16,259.94 18,243.73 6139.09 229,963.85 4.10 

The two dummy variables used in our empirical tests are summarised in Table 4. 

Table 4. Summary of dummy variables. 
Variable Value No. of Obs 

Located in the city Centre (L) 

 1 (yes) 40853 

 0 (no) 15350 

Use of building energy codes (U) 

 1 (yes) 53660 

 0 (no) 2543 

The classification of building types produces four primary categories, with the quantity and 
details of each category shown in Table 5. The correlation matrix of the variables in our empir-
ical tests is provided in Appendix A. The interaction among variables is presented in Appendix B. 

Table 5. Distribution of numbers and details of the four types of buildings. 
Building Type (T) No. of Obs Details 

1. Residential buildings 25,961 Multi-unit Residence, Single-family Home,  
Attached Single-family, Low-rise Multi-family, etc. 

2. Civilian industrial buildings 1926 Industrial, Industrial Manufacturing 

3. Civilian public buildings 21,328 Higher Education, Library, Campus, Commercial  
Office, Retail, Health Care, Hotel/Resort, etc. 

4. Non-civilian buildings 6988 Public Order/Safety, Military Base,  
Office: Government, etc. 

In addition, the climate of the area where the building is located is one of the independent 
variables based on the Köppen-Geiger system. However, due to the small number of buildings 
in the Polar climates (Climate Zone E) climate zone and the fact that almost all of them are far 
away from the city centre, the use of population density data from the city centre is more inac-
curate, so the data from this zone was chosen to be discarded. The data is therefore divided into 
four climate zones, Tropical climates (Climate Zone A), Dry climates (Climate Zone B), Tem-
perate climates (Climate Zone C) and Continental climates (Climate Zone D), and the number 
of buildings in each climatic zone is shown in Table 6. Most buildings are in the C climate zone, 
while the buildings in the A climate zone are the least. In addition, the characteristics of each 
climate zone are also explained in Table 6 [122]. 

Table 6. Distribution of building numbers and climatic characteristics in the four climate zones. 
Climate Zone (C) No. of Obs Climate Characteristics 

A. Tropical climate 2610 The monthly average temperature is above 18 ℃,  
and the annual precipitation is significant. 

B. Dry climate 6898 The annual precipitation is minimal and the climate is dry.  
The location of this area has longer summers and shorter winters. 

C. Temperate climate 32,855 The average temperature of the coldest month ranges from 0 ℃  
to 18 ℃, with at least one month’s average temperature above 10 ℃. 

D. Continental cli-
mate 13,840 The temperature in the coldest month is below 0 ℃ and the  

temperature in the hottest month is greater than 10 ℃. 
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4.2. Empirical Methods 
In our study, we employ logit regression models to analyse the impact of various factors on 

building energy efficiency, a method widely used and validated in the field for handling binary 
outcome variables. This choice is supported by the work [123], which used similar econometric 
techniques to analyse the financial performance of green-certified buildings compared to non-
green buildings, demonstrating the economic benefits of sustainable building features. Ideally, 
our hypothesis could have been tested by a panel regression model. Unfortunately, the dataset 
doesn’t support the panel regression. Future studies with a more comprehensive dataset can im-
prove the study in this aspect. 

Three logit regression models were developed to explore the relationship between various 
factors and building energy efficiency: Model 1, Model 2, and Model 3. 

The first model explores how the six independent variables mentioned above affect building 
energy efficiency and is shown in Formula 1. 

𝑃𝑃𝑃𝑃𝑖𝑖 = 𝑏𝑏0 + 𝑏𝑏1𝐿𝐿𝐿𝐿𝑃𝑃𝑖𝑖 + 𝑏𝑏2𝑇𝑇𝑖𝑖 + 𝑏𝑏3𝐶𝐶𝑖𝑖 + 𝑏𝑏4𝐿𝐿𝐿𝐿𝐸𝐸𝑦𝑦𝑖𝑖 + 𝑏𝑏5𝐿𝐿𝐿𝐿𝐸𝐸𝑧𝑧𝑖𝑖 + 𝑏𝑏6𝑈𝑈𝑖𝑖 + 𝑏𝑏7𝐿𝐿𝑖𝑖 + 𝑒𝑒 (1) 

where 𝑃𝑃𝑃𝑃 refers to the Points Achieved of the building according to the LEED rating system. 
The independent variables are set to 𝑃𝑃  for population density, 𝑇𝑇  for building type, 𝐶𝐶  for climate 
zone, 𝐸𝐸 for regional economy, 𝑈𝑈  for the use of building energy codes and 𝐿𝐿 is whether the build-
ing is located in the central area of the city. In addition, the regional economy 𝐸𝐸 includes PPP 
and PGNI, which are respectively represented by 𝐸𝐸𝑦𝑦 and 𝐸𝐸𝑧𝑧 in this study. 𝑏𝑏0 is the intercept, 
𝐿𝐿𝐿𝐿𝑃𝑃 , 𝐿𝐿𝐿𝐿𝐸𝐸𝑦𝑦 and 𝐿𝐿𝐿𝐿𝐸𝐸𝑧𝑧 are logarithm forms of explanatory variable 𝑃𝑃 , 𝐸𝐸𝑦𝑦 and 𝐸𝐸𝑧𝑧 respectively, 𝑖𝑖 
(𝑖𝑖 = 1,2…,56203) is the number of buildings, and 𝑒𝑒 stands for error. 

Moreover, the second model of this study examines the relationship between building energy 
efficiency of buildings and factors such as building types, population density, etc., in each climate 
zone (the four different climatic zones mentioned above). Thus, buildings in each climate zone 
are tested with Model 2 as follows: 

𝑃𝑃𝑃𝑃𝑖𝑖 = 𝑏𝑏0 + 𝑏𝑏1𝐿𝐿𝐿𝐿𝑃𝑃𝑖𝑖 + 𝑏𝑏2𝑇𝑇𝑖𝑖 + 𝑏𝑏4𝐿𝐿𝐿𝐿𝐸𝐸𝑦𝑦𝑖𝑖 + 𝑏𝑏5𝐿𝐿𝐿𝐿𝐸𝐸𝑧𝑧𝑖𝑖 + 𝑏𝑏6𝑈𝑈𝑖𝑖 + 𝑏𝑏7𝐿𝐿𝑖𝑖 + 𝑒𝑒 (2) 

In addition, the third model of this study addresses the relationship between factors such as 
climate zones, population density, etc., and building energy efficiency for a fixed building type 
(selected from the four different building types mentioned above). Thus, four different building 
types are tested with Model 3 as follows: 

𝑃𝑃𝑃𝑃𝑖𝑖 = 𝑏𝑏0 + 𝑏𝑏1𝐿𝐿𝐿𝐿𝑃𝑃𝑖𝑖 + 𝑏𝑏3𝐶𝐶𝑖𝑖 + 𝑏𝑏4𝐿𝐿𝐿𝐿𝐸𝐸𝑦𝑦𝑖𝑖 + 𝑏𝑏5𝐿𝐿𝐿𝐿𝐸𝐸𝑧𝑧𝑖𝑖 + 𝑏𝑏6𝑈𝑈𝑖𝑖 + 𝑏𝑏7𝐿𝐿𝑖𝑖 + 𝑒𝑒 (3) 

5. Empirical Results and Discussion 
5.1. The Determinants of Building Energy Efficiency 

The empirical estimation results of Model 1 are presented in Table 7. It shows that the de-
terminants of building energy efficiency are the location of the building, adoption of BECs, cli-
mate zones, building types, regional economic development level (namely GNI, PPP) and popu-
lation density. 

Previous studies have explored a range of determinants that impact building energy effi-
ciency, whilst the climate factor and the usage type of the building have yet to be discussed re-
garding building energy efficiency. In this study, the generic buildings with LEED ratings in the 
dataset are included, and five significant climates and the usage type of each building are consid-
ered together with all the other determinants of building energy efficiency discovered in the pre-
vious research. 

The booming economy can have two impacts on building energy efficiency. Economic ex-
pansion requires massive energy consumption, while the great awareness of energy conservation 
in well-developed economies may contribute to promoting energy efficiency. The two sides of 
economic development have been discussed in previous studies (i.e., [124]). However, the results 
in Table 7 show that globally, both the regional PGNI level and the regional PPP level show only 
a significant negative correlation with building energy efficiency, i.e., the higher the economic 
level of the region, the lower the energy efficiency of the building, which is due to the increase in 
energy demand caused by the increase in economic level. Therefore, it is important to implement 
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building energy efficiency strategies globally, especially in those countries or regions with higher 
economic levels. 

Table 7. Estimation results of regression Model 1. 

Dep. var. = PA Model 1  

constant 94.998 
(3.965) *** 

Independent Variables 

Whether the building is located in the urban centre 2.653 
(0.143) *** 

Use of building energy codes 6.409 
(0.395) *** 

Climate Zone A 0.000 
(0.000) *** 

Climate Zone B 3.265 
(0.375) *** 

Climate Zone C −3.031 
(0.333) *** 

Climate Zone D 0.097 
(0.350) 

 

Residential buildings 0.000 
(0.000) *** 

Civilian industrial buildings −13.352 
(0.283) *** 

Civilian public buildings −14.392 
(0.147) *** 

Non-civilian buildings −7.474 
(0.188) *** 

Ln(PGNI) −2.034 
(0.150) *** 

Ln(PPP) −1.262 
(0.860) *** 

Ln(Population density) 3.144 
(0.174) *** 

Number of obs 56199  

R-squared 0.190  

F-test 1294.404  

Prob > F 0.000  

*** p < 0.01, ** p < 0.05, * p < 0.1. Note: *** indicates significance at the 1% level; ** 
indicates significance at the 5% level; * indicates significance at the 10% level. 

We also find that the location of the building and the population density of the location have 
positive impacts on building energy efficiency. Similar to a previous study [28], our results show 
that buildings located in urban centres tend to exhibit higher levels of energy efficiency than those 
situated in non-urban areas, which can be attributed to the warmer spaces between buildings, 
increased cooling load in summer, decreased heating load in winter, reduced lighting energy 
consumption, higher living costs in the urban area and so on. In line with previous findings [125], 
higher urban population density promotes building energy efficiency in this study, which can be 
explained by compact cities’ minimising building energy consumption for space heating/cooling. 
This may be due to the buildings’ surface-to-volume ratios (S/V), with a low S/V minimising 
heat exchange with the atmosphere (gains in summer and losses in winter), resulting in lower 
energy consumption for heating or cooling. The empirical sample in our study covers the generic 
buildings globally. It thus includes low-latitudes (e.g., Egypt, etc.) and high-latitudes (e.g., Nor-
way, etc.), which indicates that, from a global perspective, cities with higher population densities 
can effectively reduce energy consumption compared to cities with lower population densities. 
Policy and regulations, proxied by adopting BECs, are also found helpful in improving building 
energy efficiency. 

Our empirical results show that the climate factor plays a significant role in building energy 
efficiency. It shows that buildings in Climate Zone C have the lowest energy efficiency while 
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those in Climate Zone B have the highest; it also some difference between the buildings in Cli-
mate Zones B, C, and D and those in Climate Zone A regarding energy efficiency. The difference 
in building energy efficiency between B and C may be caused by the variations in heating or 
cooling energy used to maintain indoor comfort across different climate zones. Some previous 
studies suggested that a large proportion of building energy consumption is related to thermal 
comfort [12]. Some found that more heating loads are consumed in colder climates [126], 
whereas, in hotter climates, more cooling loads are consumed. In temperate climates, heating 
and cooling energy consumption can be minimised. To maintain indoor comfort, buildings in 
different climate zones have different energy consumption demands: in Climate Zone A, trivial 
heating energy is consumed for cooling loads; in Climate Zone B, it primarily requires cooling 
loads; Climate Zone C demands both heating and cooling loads, with cooling needs being sub-
stantially more significant than those in Climate Zone D; and finally, Climate Zone D focuses 
primarily on heating, with a small amount of cooling load required (similar in [122]). Given the 
enormous different features among the climate zones, we break buildings into different climate 
groups for further investigation. 

Building energy efficiency shows very different patterns among various building types as well. 
Residential buildings exhibit the highest energy efficiency, while civilian public buildings have 
the lowest. Previous findings noted that buildings open to the public consume 40% more energy 
than residential buildings, possibly due to the higher EUI of non-residential buildings across all 
building types [127]. Commercial buildings also exhibit higher EUIs than residential buildings. 
This is similar to the previous finding, which shows that the EUI of commercial buildings was 
approximately twice that of residential buildings [128]. Therefore, we break buildings into dif-
ferent usage type groups for further investigation. 

5.2. Does Climate Matter? The Climate Zone Level Analysis 
In Model 2, we divide the buildings into four sub-groups, representing the four climate zones, 

and empirically examine the determinants of building energy efficiency in each climate zone. 
The results are shown in Table 8. 

Table 8. Estimation results of regression Model 2. 

Dep. var. = PA Climate  
Zone A  Climate  

Zone B  Climate  
Zone C  Climate  

Zone D  

constant 11.870 
(12.872) *** 165.859 

(15.613) *** 90.642 
(6.498) *** 113.069 

(6.932) *** 

Independent Variables 

Whether the building is located in the urban centre −2.395 
(0.776) *** −6.226 

(0.484) *** 6.180 
(0.185) *** −0.562 

(0.265) ** 

Use of building energy codes 
−3.648 

(1.331） *** 5.899 
(0.985) *** 5.881 

(0.551) *** −4.692 
(1.516) *** 

Residential buildings 0.000 
(0.000) *** 0.000 

(0.000) *** 0.000 
(0.000) *** 0.000 

(0.000) *** 

Civilian industrial buildings −14.634 
(1.229) *** −21.391 

(0.841) *** −10.452 
(0.362) *** −17.233 

(0.580) *** 

Civilian public buildings −16.670 
(0.926) *** −19.615 

(0.490) *** −11.708 
(0.191) *** −18.036 

(0.281) *** 

Non-civilian buildings −12.894 
(1.039) *** −14.565 

(0.688) *** −4.987 
(0.235) *** −10.487 

(0.374) *** 

Ln(PGNI) −3.187 
(0.428) *** −5.107 

(0. 482) *** −0.991 
(0.224) *** −1.914 

(0.357) *** 

Ln(PPP) 2.123 
(0.374) *** −1.038 

(0.300) *** −1.568 
(0.141) *** −1.214 

(0.137) *** 

Ln(Population density) 4.243 
(0.681) *** −1.158 

(0.750) 
 2.625 

(0.255) *** 2.504 
(0.306) *** 

Number of obs 2610  6898  32852  13839  

R-squared 0.217  0.311  0.132  0.261  

F-test 100.395  815.413  650.346  557.534  

Prob > F 0.000  0.000  0.000  0.000  

*** p < 0.01, ** p < 0.05, * p < 0.1. Note: *** indicates significance at the 1% level; ** indicates significance at the 5% level;  
* indicates significance at the 10% level. 
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Due to the widely varying features across different climate zones, this study aims to investigate 
the impact of determining factors on building energy efficiency in each climate zone. Although 
the location of a building within an urban centre can affect its energy efficiency, the nature of 
this relationship varies among climate zones. Specifically, urban-centre locations are negatively 
associated with building energy efficiency in Climate Zones A, B, and D, whereas the opposite 
holds for Climate Zone C. 

The UHI effect can help explain the negative relationship in Climate Zones A and B. Build-
ings primarily consume cooling loads to maintain indoor comfort. The UHI raises the tempera-
ture in urban areas, causing buildings to consume more cooling loads. Some note that UHI re-
duces the demand for heating but increases the demand for cooling, ultimately increasing energy 
consumption for buildings in hot climates (i.e., Climate Zones A and B) with low demand for 
heating loads [129]. This effect is amplified in urban centres. In this sense, buildings in Climate 
Zone D are expected to benefit from the UHI; however, the results show the opposite. In Climate 
Zone D, where cold weather prevails in winter, more solar gain helps to reduce heating energy 
consumption. As a previous study [122] argues, buildings in continental climates should be ex-
posed to the sun to increase solar gain. Non-urban areas have relatively low building density, 
which gives buildings more solar gain, resulting in higher energy efficiency. It is essential to make 
stakeholders aware that minimising the solar gain of buildings can reduce cooling energy con-
sumption in Climate Zones A and B. In contrast, maximising solar gain can reduce heating en-
ergy consumption in Climate Zone D, particularly in urban areas. 

In contrast, as explained in previous research [130], buildings in Climate Zone C tend to 
have more compact layouts in urban centres. Adjacent buildings often share walls, reducing en-
ergy losses for cooling or heating. 

Using building energy codes helps improve energy efficiency in Climate Zones B and C. 
However, their impact could be more present in Climate Zone D and negative in Climate Zone 
A. The efficacy of building energy codes varies widely across countries and regions, and they are 
often ineffective or fall far short of expectations in developing countries, as some [90] found in 
this study’s sample, where most developing countries were in Climate Zone A. Furthermore, 
non-compliance with building energy code practices and lack of implementation knowledge is 
evident in some developed countries in Climate Zone D, such as the USA and Norway [131]. 
Therefore, adopting building energy codes might only be adequate to improve building energy 
efficiency if regulations and implementations are strengthened. 

For the regional economic level, the regional PGNI level shows a negative correlation with 
building energy efficiency in all four climate zones. Moreover, the regional PPP level is negatively 
correlated with building energy efficiency in Climatic Zones B, C, and D, but positively corre-
lated with building energy efficiency in Climate Zone A. Thus, other developing countries or 
cities in Climate Zone A can learn from the strategies of more developed and economically ad-
vanced regions to improve building energy efficiency, and the study [132] directly points out that 
Singapore’s experience in improving energy efficiency is highly relevant. Notably, in some coun-
tries in the other three climate zones, the consumption of petroleum fuels discourages the use of 
renewable energy, thus affecting the energy efficiency of buildings, e.g., Middle Eastern and 
North African (MENA) countries, Australia, and the USA [34,133,134]. Furthermore, due to 
high government subsidies, the MENA region offers the cheapest energy prices globally [135]. 
The abundance of primary energy resources and low energy prices lead to a higher purchasing 
power for energy, which, according to the study [136], hampers the energy efficiency of buildings 
in Saudi Arabia due to lavish lifestyles, increasing annual per capita income, and the availability 
of cheap energy. Consequently, economic growth in the MENA region will likely lead to in-
creased energy consumption and a continued decline in building energy efficiency. 

The increase in urban population density in Climate Zones A, C, and D benefits the energy 
efficiency of buildings. In contrast, increasing population density does not impact building energy 
efficiency in Climate Zone B. This can be attributed to the differences among countries. 

The results highlight the significant influence of building type on building energy efficiency 
across different climate zones. The findings indicate that residential buildings are generally the 
most energy-efficient across all climate zones. In contrast, civilian public buildings’ energy effi-
ciency is comparable to civilian industrial buildings across all four climate zones. The results 
further reveal that the energy efficiency of civilian public buildings is marginally lower than that 
of civilian industrial buildings in Climate Zones A, C, and D. However, civilian industrial build-
ings’ energy efficiency is lower than that of civilian public buildings in Climate Zone B. 
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The observed differences in building-type energy efficiency across climate zones may be at-
tributed to variations in different regions’ primary industries and economic structures. For in-
stance, developed countries tend to have a higher proportion of energy consumption in the com-
mercial sector due to the dominance of the tertiary sector in their economies. However, in some 
countries in Climate Zone B, the industrial sector is likely to account for a larger share of energy 
consumption than other sectors, particularly in the Middle East. This trend may lead to higher 
energy losses in industrial buildings than in commercial buildings. The Middle East is also con-
sidered one of the least energy-efficient economies globally, with industrial consumption account-
ing for a substantial proportion of the total energy consumed in the region. These factors may 
account for the lower energy efficiency of civilian industrial buildings in Climate Zone B than 
civilian public buildings. 

5.3. Does the Building Type Matter? The Building Type Level Analysis 
Similarly, in Model 3, we divide the buildings into four sub-groups representing the four 

building types and empirically examine each user type’s determinants of building energy effi-
ciency. The results are shown in Table 9. 

Table 9. Estimation results of regression Model 3. 

Dep. var. = PA Residential  
Buildings  

Civilian  
Industrial  
Buildings 

 
Civilian  
Public  

Buildings 
 Non-civilian  

Buildings  

constant 166.242 
(8.515) *** 61.088 

(11.771) *** 48.954 
(5.849) *** 25.709 

(7.591) *** 

Independent Variables 

Whether the building is located in  
the urban centre 

2.607 
(0.195) *** −0.556 

(0.522) 
 1.697 

(0.241) *** 4.714 
(0.469) *** 

Use of building energy codes 6.854 
(1.707) *** 0.645 

(1.020) 
 6.123 

(0.577) *** 6.247 
(0.685) *** 

Climate Zone A 0.000 
(0.000) *** 0.000 

(0.000) *** 0.000 
(0.000) *** 0.000 

(0.000) *** 

Climate Zone B 6.671 
(0.802) *** −5.399 

(1.198) *** −1.360 
(0.555) ** −0.731 

(0.810) 
 

Climate Zone C −5.234 
(0.761) *** −4.211 

(1.064) *** −1.81 
(0.470) *** 0.570 

(0.654) 
 

Climate Zone D 2.468 
(0.781) *** −2.956 

(1.167) ** −1.669 
(0.490) *** 1.276 

(0.701) * 

Ln(PGNI) −12.391 
(0.935) *** −0.217 

(0.414) *** −0.336 
(0.211) 

 0.553 
(0.311) * 

Ln(PPP) 1.397 
(0.397) *** 0.086 

(0.273) 
 −1.392 

(0.122) *** −1.038 
(0.158) *** 

Ln(Population density) −2.091 
(0.339) *** 2.684 

(0.588) *** 5.587 
(0.256) *** 6.204 

(0.375) *** 

Number of obs 25960  1926  21322  6988  

R-squared 0.119  0.186  0.114  0.140  

F-test 495.105  52.751  340.265  144.609  

Prob > F  0.000  0.000  0.000  0.000  

*** p < 0.01, ** p < 0.05, * p < 0.1. Note: *** indicates significance at the 1% level; ** indicates significance at the 5% level; * 
indicates significance at the 10% level. 

Across all building types, including residential, civilian public, and non-civilian buildings, 
higher building energy efficiency is observed in urban centres except for the civilian industrial 
buildings. The differences in energy use between urban and non-urban areas are influenced by 
various factors, which are usually related to the energy needs of urban residents. Thus, for indus-
trial buildings, the energy requirements of the production process overwhelmingly determine 
energy consumption, and the impact of the factors related to building location on the energy 
efficiency of industrial buildings is almost negligible. We find that residential buildings exhibit 
the highest building energy efficiency in Climate Zone B and the lowest energy efficiency in Cli-
mate Zone C. This may be attributed to the fact that residential buildings in Climate Zone B 
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require the least energy to maintain indoor thermal comfort, while those in Climate Zone C 
require the most energy compared to the other climate zones. 

The result shows that civilian industrial buildings demonstrate the highest energy efficiency 
in Climate Zone A and the lowest in Climate Zone B. The difference between developed and 
developing countries can explain this. Worrell et al. [137] suggest that most of the world’s energy-
intensive industries are currently located in developing countries, and many of these facilities in 
developing countries are new and use the latest technologies that can improve energy efficiency 
and reduce carbon emissions in the industrial sector. These findings highlight the importance of 
considering regional climate conditions and the industrial landscape when developing and im-
plementing energy efficiency policies for different types of buildings. 

It is essential to address that the relationship between the regional economic level and build-
ing energy efficiency is complex and depends on various factors such as the economic structure, 
energy policies, and technological advancement of the region. While the results of this study 
suggest a correlation between the economic level and building energy efficiency, further research 
is needed to fully understand the underlying mechanisms and potential solutions for improving 
energy efficiency in buildings. 

For civilian public buildings, as shown in a study on commercial buildings [138], the main 
factors of energy consumption in buildings are space heating, cooling, ventilation and lighting. 
The results in Table 9 show that whether the building is located in an urban centre, the climate, 
and the population density all show a strong correlation with the energy efficiency of the building, 
as they all affect the space heating, cooling, ventilation and lighting of the building, either directly 
or indirectly by influencing the built environment. This suggests that strategies to improve the 
energy efficiency of public buildings should not ignore the optimisation of the surrounding envi-
ronment, and should take into account all of these factors in order to achieve the best possible 
energy efficiency of the building, not just the operational practices and design elements. 

It is worth considering the potential role of government policies and regulations in improving 
building energy efficiency. For example, building energy codes and standards can set minimum 
energy performance requirements for new and existing buildings, which can help reduce energy 
consumption and greenhouse gas emissions. Incentives such as tax credits and subsidies can also 
encourage building owners and operators to invest in energy-efficient technologies and practices. 

Regarding urban population density, only the energy efficiency of residential buildings ex-
hibits a negative correlation. In contrast, non-residential buildings (i.e., civilian industrial build-
ings, civilian public buildings, and non-civilian buildings) all demonstrate a positive correlation. 
A previous study argued that without accounting for regional variations in geographical and so-
cio-economic conditions, an increase in the proportion of the urban population will lead to a 
decrease in the total REC (which represents the energy consumed for various needs within resi-
dential buildings, such as heating, cooling, lighting, cooking, etc., but excludes energy consump-
tion by commercial enterprises and public service spaces within residential buildings) [139]. 
However, this contradicts the results of the present study. The same study [139] also noted that 
when considering regional differences in geographical and socio-economic conditions, REC pos-
itively correlates with population density. Urbanisation has a more pronounced effect on the total 
REC in relatively less urbanised regions, particularly in developing Asia, the Middle East, and 
North Africa. In these regions, an increase in the proportion of the urban population leads to a 
greater total REC. This suggests that an increase in population density is linked to higher energy 
consumption in residential buildings, thus lowering their energy efficiency. 

In order to further explore and analyse the effects of the variables on energy efficiency in 
residential buildings under different climate types, we divided all residential buildings according 
to four climate zones and conducted regression analyses. The results are shown in Table 10. 

In Table 10, the results of the correlation between residential building energy efficiency and 
the use of building energy codes in Climate Zone D are not shown because almost all the resi-
dential buildings tested in Climate Zone D were required to refer to building energy codes (these 
buildings were mainly located in several countries from the USA, Canada, China and Northern 
Europe), and there were only a very small number of residential buildings that did not use build-
ing energy codes, so they are ignored in the calculation process. It is clear that the use of energy 
codes in Climate Zones A, B, and C will greatly improve the energy efficiency of residential 
buildings. 
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Table 10. Impact of variables on energy efficiency of residential buildings under different climate types. 

Dep. var. = PA Climate  
Zone A  Climate  

Zone B  Climate  
Zone C  Climate  

Zone D  

constant 145.769 
(75.505) * 286.261 

(20.916) *** 171.653 
(15.163) *** −0.946 

(18.226) 
 

Independent Variables 

Whether the building is located in the urban centre 7.473 
(2.233) *** −9.799 

(0.619) *** 7.905 
(0.238) *** −4.505 

(0.378) *** 

Use of building energy codes 1.297 
(9.356) 

 5.736 
(4.056) 

 16.470 
(2.906) *** .  

Ln(PGNI) −11.661 
(3.967) *** −16.340 

(3.688) *** −3.911 
(0.973) *** −8.496 

(1.777) *** 

Ln(PPP) 4.132 
(2.778) 

 1.032 
(1.625) 

 −2.470 
(0.537) *** 6.391 

(0.353) *** 

Ln(Population density) −11.355 
(4.138) *** −8.857 

(1.027) *** −1.838 
(0.456) *** −3.864 

(0.538) *** 

Number of obs 487  4487  16456  4531  

R-squared 0.037  0.156  0.071  0.116  

F-test 3.494  332.267  277.237  210.716  

Prob > F 0.004  0.000  0.000  0.000  

*** p < 0.01, ** p < 0.05, * p < 0.1. Note: *** indicates significance at the 1% level; ** indicates significance at the 5% level; * indicates 
significance at the 10% level. 

Residential buildings located in urban centres in Climate Zones A and C show higher energy 
efficiency, while buildings located in non-urban centres in Climate Zones B and D are more 
energy efficient. This is due to changes in energy consumption to maintain indoor thermal com-
fort, as described above, buildings located in urban centres will be more susceptible to UHI, 
which will further increase temperatures in urban centres, leading to an increase in cooling en-
ergy consumption for residential buildings located in urban centres in Climate Zone B, and for 
residential buildings located in urban centres in Climate Zone D, due to the dense building layout 
in the urban centres, the buildings will receive less solar radiation, which will increase the heating 
energy consumption of the buildings. 

Among the four climate zones, higher regional PGNI is associated with lower energy effi-
ciency of residential buildings. Increased incomes have made people happy to improve their 
amenities and purchase durable items such as household appliances, which will continue to con-
sume energy for a long time [76,77]. Moreover, the level of regional PPP is not correlated with 
the energy efficiency of residential buildings in Climatic Zones A and B. In contrast, there is a 
strong correlation in Climate Zones C and D, with a negative correlation in Climate Zone C and 
a positive correlation in Climate Zone D. For the completely opposite trend of correlation be-
tween regional PPP level and building energy efficiency in Climate Zones C and D, Shi et al. 
[112] mention that the relationship between building energy consumption of urban residents and 
the level of regional economic development has two opposing effects: the higher the level of the 
regional economy, the higher the energy demand of the residents for comfort, and at the same 
time, the increased awareness of environmental protection of the residents, which can lead the 
residents to reduce their energy consumption.  

Furthermore, the results of the tests in all climate types show that the higher the population 
density, the lower the energy efficiency of residential buildings will be. Firstly, as higher popula-
tion densities will exacerbate UHI [22,23], this will indirectly result in residential buildings hav-
ing to consume additional energy to maintain indoor thermal comfort [27], and secondly, pop-
ulation densities will impair the use of non-renewable energy sources [30], which will make resi-
dential buildings even more dependent on non-renewable energy sources. 

6. Conclusions and Implications 
In recent years, the factors that affect building energy efficiency have received much attention 

from researchers, while very few studies have empirically examined them together. This study 
employs three logit regression models to investigate the determinants of building energy efficiency 
using the LEED rating system data from 2010 to 2012. The determinants of building energy 
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efficiency are empirically investigated in general (Model 1), in various climate zones (Model 2) 
and different building types (Model 3). 

Firstly, we find that buildings in urban centres exhibit higher levels of energy efficiency glob-
ally than those in non-urban areas. This conclusion applies equally to residential, civilian public 
and non-civilian buildings. Still, the impact of building location on energy efficiency in industrial 
buildings is minimal as they are usually away from urban centres [140]. In hot climates (i.e., 
Climate Zones A and B), the heat island effect in the city centre increases the energy consumption 
of buildings for cooling. In Climate Zone D, due to the lower building density in the suburban 
or peripheral areas of the city, buildings can gain more solar gain and thus use less energy for 
heating. This suggests that buildings in non-urban centres will maintain higher building energy 
efficiency in Climate Zones A, B and D. Therefore, urban cooling strategies (i.e., increasing ur-
ban greenery and urban ventilation) are essential for buildings in urban centres that hope to 
achieve high energy efficiency.  

Secondly, using BECs is positively associated with building energy efficiency for most building 
types, except industrial buildings. This suggests that current BECs may not be improving the 
energy efficiency of industrial buildings and that updating energy codes for industrial buildings 
needs to be in place. 

Thirdly, the regional economic development level, which Ln(PPP) and Ln(PGNI) measure, 
is found to have twofold impacts on building energy efficiency. On the one hand, as the economy 
expands, much energy consumption is required, which may lead to low building energy effi-
ciency. On the other hand, as the economy grows, people become more conscious about energy 
efficiency; the government has more funds to implement government energy efficiency policies 
and have greater access to energy-efficient housing and products, which may lead to high build-
ing energy efficiency. Luxury lifestyles and the availability of cheap energy are more evident due 
to the many excessive uses of petroleum fuels, especially in the Middle East. Therefore, buildings 
in the Middle East should make more use of renewable energy sources in order to reduce de-
pendence on non-renewable energy sources [141]. 

Fourthly, we find that climate is an important factor which affects building energy efficiency. 
Due to the differences in heating or cooling energy consumption used to maintain indoor comfort 
in different climate zones, buildings in Climate Zone C are the least energy efficient, and build-
ings in Climate Zone B are the most energy efficient. In addition, the same situation occurs for 
residential buildings (i.e., residential buildings in Climate Zone B require the least energy to 
maintain indoor thermal comfort, while those in Climate Zone C require the most energy). For 
civilian industrial buildings, buildings in Climate Zone A have the highest energy efficiency due 
to the new facilities and technologies used in developing countries. This suggests that other 
measures, such as controlling solar gain and ventilation rates to enable buildings to reduce heat-
ing/cooling loads, smart management systems, energy-efficient equipment, and lights, etc., may 
improve energy efficiency in non-residential buildings. 

Fifthly, building type is also found to have a determined impact on building energy efficiency. 
Residential buildings are the most energy-efficient building type in all the different climate zones, 
and the energy efficiency of civilian public buildings is very similar to that of civilian industrial 
buildings. In Climate Zones A, C and D, the energy efficiency of civilian public buildings is 
slightly lower than civilian industrial buildings. Still, the opposite situation occurs in Climate 
Zone B due to differences in the different regions’ main industrial and economic structures. This 
reflects the continued development and energy input of those countries located in Climate Zone 
B, which will increase industrial energy losses, making it imperative to improve the energy effi-
ciency of industrial buildings in these countries. 

Lastly, high-density cities are found to be more effective in reducing energy consumption 
compared to low-density cities. Compact cities tend to reduce the energy consumption of build-
ings in terms of space heating/cooling. However, for residential buildings, the increase in popu-
lation density leads to lower building energy efficiency, especially in less urbanised regions such 
as Asia, the Middle East and North Africa. It implies that the developing regions which have 
rapid urbanisation and high population growth need to prioritise the agenda of improving energy 
efficiency for residential buildings. 

This study is limited by the data set: a large proportion of the buildings in this sample are in 
the USA, which may lead to some bias. Therefore, a larger sample, which includes balanced 
shares of buildings from different countries, can provide more robust findings in the future. 

https://www.hos.pub/


Highlights of Sustainability 2024 324  
 

https://www.hos.pub 
 

Funding 
This research received no specific grant from any funding agency in the public, commercial, 

or not-for-profit sectors. 

Data Availability 
Data supporting this study are openly available and the data source is specified in the paper. 

Author Contributions 
Conceptualization: Y.X.; Data curation: D.D.; Formal analysis: D.D., & Y.X.; Methodology: 

Y.X.; Software: D.D., & Y.X.; Writing – original draft: D.D., & Y.X.; Writing – review & editing: 
D.D., & Y.X. 

Conflicts of Interest 
The authors have no conflict of interest to declare. 

References 
1. Cao, X., Dai, X., & Liu, J. (2016). Building energy-consumption status worldwide and the state-of-the-art 

technologies for zero-energy buildings during the past decade. Energy and Buildings, 128, 198–213. https://doi.org/ 
10.1016/j.enbuild.2016.06.089 

2. Omer, A. M. (2008). Energy, environment and sustainable development. Renewable and Sustainable Energy Reviews, 
12(9), 2265–2300. https://doi.org/10.1016/j.rser.2007.05.001 

3. Dixit, M. K., Fernández-Solís, J. L., Lavy, S., & Culp, C. H. (2010). Identification of  parameters for embodied 
energy measurement: A literature review. Energy and Buildings, 42(8), 1238–1247. https://doi.org/10.1016/ 
j.enbuild.2010.02.016 

4. Sadineni, S. B., Madala, S., & Boehm, R. F. (2011). Passive building energy savings: A review of  building envelope 
components. Renewable and Sustainable Energy Reviews, 15(8), 3617–3631. https://doi.org/10.1016/j.rser.2011.07.014 

5. Haddad, M. A. N., Semmari, H., Lekhal, M. C., Imessad, K., Amara, M., & Derradji, L. (2022). Optimization of  
building energy performance through passive design measures in the Mediterranean climate. International Journal 
of  Ambient Energy, 44(1), 789–810. https://doi.org/10.1080/01430750.2022.2155245 

6. Izadi, A., Shahafve, M., &Ahmadi, P. (2022). Neural network genetic algorithm optimization of  a transient hybrid 
renewable energy system with solar/wind and hydrogen storage system for zero energy buildings at various climate 
conditions. Energy Conversion and Management, 260, 115593. https://doi.org/10.1016/j.enconman.2022.115593 

7. Han, Y., Taylor, J. E., & Pisello, A. L. (2017). Exploring mutual shading and mutual reflection inter-building effects on 
building energy performance. Applied Energy, 185, 1556–1564. https://doi.org/10.1016/j.apenergy.2015.10.170 

8. Guattari, C., Evangelisti, L., & Balaras, C. A. (2018). On the assessment of  urban heat island phenomenon and 
its effects on building energy performance: A case study of  Rome (Italy). Energy and Buildings, 158, 605–615. 
https://doi.org/10.1016/j.enbuild.2017.10.050 

9. Schwarz, N. (2010). Urban form revisited—Selecting indicators for characterising European cities. Landscape and 
Urban Planning, 96(1), 29–47. https://doi.org/10.1016/j.landurbplan.2010.01.007 

10. D’Agostino, D., Cuniberti, B., & Bertoldi, P. (2017). Energy consumption and efficiency technology measures in 
European non-residential buildings. Energy and Buildings, 153, 72–86. https://doi.org/10.1016/j.enbuild.2017.07.062 

11. Lam, J. C., Wan, K. K., Tsang, C. L., & Yang, L. (2008). Building energy efficiency in different climates. Energy 
Conversion and Management, 49(8), 2354–2366. https://doi.org/10.1016/j.enconman.2008.01.013 

12. Yang, L., Yan, H., & Lam, J. C. (2014). Thermal comfort and building energy consumption implications–a review. 
Applied Energy, 115, 164–173. https://doi.org/10.1016/j.apenergy.2013.10.062 

13. Li, A., Xu, X., & Sun, Y. (2016). A study on pipe-embedded wall integrated with ground source-coupled heat 
exchanger for enhanced building energy efficiency in diverse climate regions. Energy and Buildings, 121, 139–151. 
https://doi.org/10.1016/j.enbuild.2016.04.005 

14. Bastide, A., Lauret, P., Garde, F., & Boyer, H. (2006). Building energy efficiency and thermal comfort in  
tropical climates: Presentation of  a numerical approach for predicting the percentage of  well-ventilated living 
spaces in buildings using natural ventilation. Energy and Buildings, 38(9), 1093–1103. https://doi.org/10.1016/ 
j.enbuild.2005.12.005 

15. Guo, S., Yan, D., Hu, S., & An, J. (2020). Global comparison of  building energy use data within the context of  
climate change. Energy and Buildings, 226, 110362. https://doi.org/10.1016/j.enbuild.2020.110362 

16. He, L., & Chen, L. (2021). The incentive effects of  different government subsidy policies on green buildings. 
Renewable and Sustainable Energy Reviews, 135, 110123. https://doi.org/10.1016/j.rser.2020.110123 

17. Popp, D. (2006). International innovation and diffusion of  air pollution control technologies: the effects of  NOX 
and SO2 regulation in the US, Japan, and Germany. Journal of  Environmental Economics and Management, 51(1), 46–
71. https://doi.org/10.1016/j.jeem.2005.04.006 

18. Johnstone, N., Haščič, I., & Popp, D. (2010). Renewable energy policies and technological innovation: evidence based 
on patent counts. Environmental and Resource Economics, 45, 133–155. https://doi.org/10.1007/s10640-009-9309-1 

19. Hu, S., Yan, D., Guo, S., Cui, Y., & Dong, B. (2017). A survey on energy consumption and energy usage behavior 
of  households and residential building in urban China. Energy and Buildings, 148, 366–378. https://doi.org/ 
10.1016/j.enbuild.2017.03.064 

20. Keleş, A. E., Önen, E., & Górecki, J. (2022). Make saving crucial again: building energy efficiency awareness of  
people living in urban areas. Advances in Building Energy Research, 16(3), 371–384. https://doi.org/10.1080/ 
17512549.2021.1891134 

21. Salomons, E. M., & Pont, M. B. (2012). Urban traffic noise and the relation to urban density, form, and traffic 
elasticity. Landscape and Urban Planning, 108(1), 2–16. https://doi.org/10.1016/j.landurbplan.2012.06.017 

https://www.hos.pub/
https://doi.org/10.1016/j.enbuild.2016.06.089
https://doi.org/10.1016/j.enbuild.2016.06.089
https://doi.org/10.1016/j.rser.2007.05.001
https://doi.org/10.1016/j.enbuild.2010.02.016
https://doi.org/10.1016/j.enbuild.2010.02.016
https://doi.org/10.1016/j.rser.2011.07.014
https://doi.org/10.1080/01430750.2022.2155245
https://doi.org/10.1016/j.enconman.2022.115593
https://doi.org/10.1016/j.apenergy.2015.10.170
https://doi.org/10.1016/j.enbuild.2017.10.050
https://doi.org/10.1016/j.landurbplan.2010.01.007
https://doi.org/10.1016/j.enbuild.2017.07.062
https://doi.org/10.1016/j.enconman.2008.01.013
https://doi.org/10.1016/j.apenergy.2013.10.062
https://doi.org/10.1016/j.enbuild.2016.04.005
https://doi.org/10.1016/j.enbuild.2005.12.005
https://doi.org/10.1016/j.enbuild.2005.12.005
https://doi.org/10.1016/j.enbuild.2020.110362
https://doi.org/10.1016/j.rser.2020.110123
https://doi.org/10.1016/j.jeem.2005.04.006
https://doi.org/10.1007/s10640-009-9309-1
https://doi.org/10.1016/j.enbuild.2017.03.064
https://doi.org/10.1016/j.enbuild.2017.03.064
https://doi.org/10.1080/17512549.2021.1891134
https://doi.org/10.1080/17512549.2021.1891134
https://doi.org/10.1016/j.landurbplan.2012.06.017


Highlights of Sustainability 2024 325  
 

https://www.hos.pub 
 

22. Zander, K. K., Cadag, J. R., Escarcha, J., & Garnett, S. T. (2018). Perceived heat stress increases with population 
density in urban Philippines. Environmental Research Letters, 13(8), 084009. https://doi.org/10.1088/1748-
9326/aad2e5 

23. Li, D., & Bou-Zeid, E. (2013). Synergistic interactions between urban heat islands and heat waves: The impact in 
cities is larger than the sum of  its parts. Journal of  Applied Meteorology and Climatology, 52(9), 2051–2064. 
https://doi.org/10.1175/JAMC-D-13-02.1 

24. Schweitzer, L., & Zhou, J. (2010). Neighborhood air quality, respiratory health, and vulnerable populations in 
compact and sprawled regions. Journal of  the American Planning Association, 76(3), 363–371. https://doi.org/10.1080/ 
01944363.2010.486623 

25. Su, M. A., Ngarambe, J., Santamouris, M., & Yun, G. Y. (2021). Empirical evidence on the impact of  urban 
overheating on building cooling and heating energy consumption. iScience, 24(5), 102495. https://doi.org/ 
10.1016/j.isci.2021.102495 

26. Salvalai, G., Moretti, N., Blanco Cadena, J. D., & Quagliarini, E. (2020). SLow Onset Disaster Events Factors in 
Italian Built Environment Archetypes. In Sustainability in Energy and Buildings 2020 (pp. 333–343). Springer, 
Singapore. https://doi.org/10.1007/978-981-15-8783-2_28 

27. Hwang, R. L., Lin, T. P., & Lin, F. Y. (2020). Evaluation and mapping of  building overheating risk and air 
conditioning use due to the urban heat island effect. Journal of  Building Engineering, 32, 101726. https://doi.org/ 
10.1016/j.jobe.2020.101726 

28. Timmons, D., Zirogiannis, N., & Lutz, M. (2016). Location matters: Population density and carbon emissions from 
residential building energy use in the United States. Energy Research & Social Science, 22, 137–146. https://doi.org/ 
10.1016/j.erss.2016.08.011 

29. Hui, S. C. M. (2001). Low energy building design in high density urban cities. Renewable Energy, 24(3–4), 627–640. 
https://doi.org/10.1016/S0960-1481(01)00049-0 

30. Salim, R. A., & Shafiei, S. (2014). Urbanization and renewable and non-renewable energy consumption in OECD 
countries: An empirical analysis. Economic Modelling, 38, 581–591. https://doi.org/10.1016/j.econmod.2014.02.008 

31. Mostafavi, N., Heris, M. P., Gándara, F., & Hoque, S. (2021). The relationship between urban density and building 
energy consumption. Buildings, 11(10), 455. https://doi.org/10.3390/buildings11100455 

32. Planas, C., Cuerva, E., & Alavedra, P. (2018). Effects of  the type of  facade on the energy performance of  office 
buildings representative of  the city of  Barcelona. Ain Shams Engineering Journal, 9(4), 3325–3334. https://doi.org/ 
10.1016/j.asej.2017.04.009 

33. Li, W., Zhou, Y., Cetin, K., Eom, J., Wang, Y., Chen, G., et al. (2017). Modeling urban building energy use: A review 
of  modeling approaches and procedures. Energy, 141, 2445–2457. https://doi.org/10.1016/j.energy.2017.11.071 

34. Pablo-Romero, M. D. P., Pozo-Barajas, R., & Yñiguez, R. (2017). Global changes in residential energy 
consumption. Energy Policy, 101, 342–352. https://doi.org/10.1016/j.enpol.2016.10.032 

35. Lee, S., & Lee, B. (2014). The influence of  urban form on GHG emissions in the US household sector. Energy 
Policy, 68, 534–549. https://doi.org/10.1016/j.enpol.2014.01.024 

36. Streltsov, A., Malof, J. M., Huang, B., & Bradbury, K. (2020). Estimating residential building energy consumption 
using overhead imagery. Applied Energy, 280, 116018. https://doi.org/10.1016/j.apenergy.2020.116018 

37. Cai, W. G., Wu, Y., Zhong, Y., & Ren, H. (2009). China building energy consumption: situation, challenges and 
corresponding measures. Energy Policy, 37(6), 2054–2059. https://doi.org/10.1016/j.enpol.2008.11.037 

38. Zhao, X., Li, N., & Ma, C. (2012). Residential energy consumption in urban China: A decomposition analysis. 
Energy Policy, 41, 644–653. https://doi.org/10.1016/j.enpol.2011.11.027 

39. Hou, J., Liu, Y., Wu, Y., Zhou, N., & Feng, W. (2016). Comparative study of  commercial building energy-efficiency 
retrofit policies in four pilot cities in China. Energy Policy, 88, 204–215. https://doi.org/10.1016/j.enpol.2015.10.016 

40. Gui, X., & Gou, Z. (2021). Understanding green building energy performance in the context of  commercial estates: 
A multi-year and cross-region analysis using the Australian commercial building disclosure database. Energy, 222, 
119988. https://doi.org/10.1016/j.energy.2021.119988 

41. Yoon, J., Lee, E. J., & Claridge, D. E. (2003). Calibration procedure for energy performance simulation of  a 
commercial building. Journal of  Solar Energy Engineering, 125(3), 251–257. https://doi.org/10.1115/1.1564076 

42. Becker, R., & Paciuk, M. (2002). Inter-related effects of  cooling strategies and building features on energy performance 
of  office buildings. Energy and Buildings, 34(1), 25–31. https://doi.org/10.1016/S0378-7788(01)00081-0 

43. Menezes, A. C., Cripps, A., Bouchlaghem, D., & Buswell, R. (2012). Predicted vs. actual energy performance of  
non-domestic buildings: Using post-occupancy evaluation data to reduce the performance gap. Applied Energy, 97, 
355–364. https://doi.org/10.1016/j.apenergy.2011.11.075 

44. Hernandez, P., Burke, K., & Lewis, J. O. (2008). Development of  energy performance benchmarks and building 
energy ratings for non-domestic buildings: An example for Irish primary schools. Energy and Buildings, 40(3), 249–
254. https://doi.org/10.1016/j.enbuild.2007.02.020 

45. Sekki, T., Airaksinen, M., & Saari, A. (2017). Effect of  energy measures on the values of  energy efficiency 
indicators in Finnish daycare and school buildings. Energy and Buildings, 139, 124–132. https://doi.org/10.1016/ 
j.enbuild.2017.01.005 

46. Jacobeit, J. (2010). Classifications in climate research. Physics and Chemistry of  the Earth, Parts A/B/C, 35(9–12), 411–
421. https://doi.org/10.1016/j.pce.2009.11.010 

47. Walsh, A., Cóstola, D., & Labaki, L. C. (2017). Review of  methods for climatic zoning for building energy efficiency 
programs. Building and Environment, 112, 337–350. https://doi.org/10.1016/j.buildenv.2016.11.046 

48. Peel, M. C., Finlayson, B. L., & McMahon, T. A. (2007). Updated world map of  the Köppen-Geiger climate 
classification. Hydrology and Earth System Sciences, 11(5), 1633–1644. https://doi.org/10.5194/hess-11-1633-2007 

49. Beck, H. E., Zimmermann, N. E., McVicar, T. R., Vergopolan, N., Berg, A., & Wood, E. F. (2018). Present and 
future Köppen-Geiger climate classification maps at 1-km resolution. Scientific Data, 5(1), 1–12. https://doi.org/ 
10.1038/sdata.2018.214 

50. Pathirana, S., Rodrigo, A., & Halwatura, R. (2019). Effect of  building shape, orientation, window to wall ratios 
and zones on energy efficiency and thermal comfort of  naturally ventilated houses in tropical climate. International 
Journal of  Energy and Environmental Engineering, 10(1), 107–120. https://doi.org/10.1007/s40095-018-0295-3 

51. Premrov, M., Žigart, M., & Leskovar, V. Ž. (2018). Influence of  the building shape on the energy performance  
of  timber-glass buildings located in warm climatic regions. Energy, 149, 496–504. https://doi.org/10.1016/ 
j.energy.2018.02.074 

https://www.hos.pub/
https://doi.org/10.1088/1748-9326/aad2e5
https://doi.org/10.1088/1748-9326/aad2e5
https://doi.org/10.1175/JAMC-D-13-02.1
https://doi.org/10.1080/01944363.2010.486623
https://doi.org/10.1080/01944363.2010.486623
https://doi.org/10.1016/j.isci.2021.102495
https://doi.org/10.1016/j.isci.2021.102495
https://doi.org/10.1007/978-981-15-8783-2_28
https://doi.org/10.1016/j.jobe.2020.101726
https://doi.org/10.1016/j.jobe.2020.101726
https://doi.org/10.1016/j.erss.2016.08.011
https://doi.org/10.1016/j.erss.2016.08.011
https://doi.org/10.1016/S0960-1481(01)00049-0
https://doi.org/10.1016/j.econmod.2014.02.008
https://doi.org/10.3390/buildings11100455
https://doi.org/10.1016/j.asej.2017.04.009
https://doi.org/10.1016/j.asej.2017.04.009
https://doi.org/10.1016/j.energy.2017.11.071
https://doi.org/10.1016/j.enpol.2016.10.032
https://doi.org/10.1016/j.enpol.2014.01.024
https://doi.org/10.1016/j.apenergy.2020.116018
https://doi.org/10.1016/j.enpol.2008.11.037
https://doi.org/10.1016/j.enpol.2011.11.027
https://doi.org/10.1016/j.enpol.2015.10.016
https://doi.org/10.1016/j.energy.2021.119988
https://doi.org/10.1115/1.1564076
https://doi.org/10.1016/S0378-7788(01)00081-0
https://doi.org/10.1016/j.apenergy.2011.11.075
https://doi.org/10.1016/j.enbuild.2007.02.020
https://doi.org/10.1016/j.enbuild.2017.01.005
https://doi.org/10.1016/j.enbuild.2017.01.005
https://doi.org/10.1016/j.pce.2009.11.010
https://doi.org/10.1016/j.buildenv.2016.11.046
https://doi.org/10.5194/hess-11-1633-2007
https://doi.org/10.1038/sdata.2018.214
https://doi.org/10.1038/sdata.2018.214
https://doi.org/10.1007/s40095-018-0295-3
https://doi.org/10.1016/j.energy.2018.02.074
https://doi.org/10.1016/j.energy.2018.02.074


Highlights of Sustainability 2024 326  
 

https://www.hos.pub 
 

52. Yılmaz, Z. (2007). Evaluation of  energy efficient design strategies for different climatic zones: Comparison of  
thermal performance of  buildings in temperate-humid and hot-dry climate. Energy and Buildings, 39(3), 306–316. 
https://doi.org/10.1016/j.enbuild.2006.08.004 

53. Madhumathi, A., & Sundarraja, M. C. (2014). Energy efficiency in buildings in hot humid climatic regions using 
phase change materials as thermal mass in building envelope. Energy & Environment, 25(8), 1405–1421. 
https://doi.org/10.1260/0958-305X.25.8.1405 

54. Kobeyev, S., Tokbolat, S., & Durdyev, S. (2021). Design and energy performance analysis of  a hotel building in a 
hot and dry climate: A case study. Energies, 14(17), 5502. https://doi.org/10.3390/en14175502 

55. Honarvar, S. M. H., Golabchi, M., & Ledari, M. B. (2022). Building circularity as a measure of  sustainability in 
the old and modern architecture: A case study of  architecture development in the hot and dry climate. Energy and 
Buildings, 275, 112469. https://doi.org/10.1016/j.enbuild.2022.112469 

56. Ahmadian, E., Sodagar, B., Bingham, C., Elnokaly, A., & Mills, G. (2021). Effect of  urban built form and density 
on building energy performance in temperate climates. Energy and Buildings, 236, 110762. https://doi.org/ 
10.1016/j.enbuild.2021.110762 

57. Mangan, S. D., Oral, G. K., Kocagil, I. E., & Sozen, I. (2021). The impact of  urban form on building energy and 
cost efficiency in temperate-humid zones. Journal of  Building Engineering, 33, 101626. https://doi.org/10.1016/ 
j.jobe.2020.101626 

58. Florides, G. A., Tassou, S. A., Kalogirou, S. A., & Wrobel, L. C. (2002). Measures used to lower building energy 
consumption and their cost effectiveness. Applied Energy, 73(3–4), 299–328. https://doi.org/10.1016/S0306-
2619(02)00119-8 

59. Yao, J. (2012). Energy optimization of  building design for different housing units in apartment buildings. Applied 
Energy, 94, 330–337. https://doi.org/10.1016/j.apenergy.2012.02.006 

60. Yu, J., Yang, C., Tian, L., & Liao, D. (2009). A study on optimum insulation thicknesses of  external walls in hot summer 
and cold winter zone of  China. Applied Energy, 86(11), 2520–2529. https://doi.org/10.1016/j.apenergy.2009.03.010 

61. Griego, D., Krarti, M., & Hernández-Guerrero, A. (2012). Optimization of  energy efficiency and thermal comfort 
measures for residential buildings in Salamanca, Mexico. Energy and Buildings, 54, 540–549. https://doi.org/ 
10.1016/j.enbuild.2012.02.019 

62. Mohammadpourkarbasi, H., & Sharples, S. (2013). The eco-refurbishment of  a 19th century terraced house: 
Energy and cost performance for current and future UK climates. Buildings, 3(1), 220–244. https://doi.org/ 
10.3390/buildings3010220 

63. Ruiz, M. C., & Romero, E. (2011). Energy saving in the conventional design of  a Spanish house using thermal 
simulation. Energy and Buildings, 43(11), 3226–3235. https://doi.org/10.1016/j.enbuild.2011.08.022 

64. Verbeeck, G., & Hens, H. (2007). Life cycle optimization of  extremely low energy dwellings. Journal of  Building 
Physics, 31(2), 143–177. https://doi.org/10.1177/1744259107079880 

65. Engelmann, P., Kalz, D., & Salvalai, G. (2014). Cooling concepts for non-residential buildings: A comparison  
of  cooling concepts in different climate zones. Energy and Buildings, 82, 447–456. https://doi.org/10.1016/ 
j.enbuild.2014.07.011 

66. Alanne, K., Söderholm, N., Sirén, K., & Beausoleil-Morrison, I. (2010). Techno-economic assessment and 
optimization of  Stirling engine micro-cogeneration systems in residential buildings. Energy Conversion and Management, 
51(12), 2635–2646. https://doi.org/10.1016/j.enconman.2010.05.029 

67. Gagliano, A., Nocera, F., Patania, F., & Capizzi, G. (2013). A case study of  energy efficiency retrofit in social 
housing units. Energy Procedia, 42, 289–298. https://doi.org/10.1016/j.egypro.2013.11.029 

68. Chvatal, K. M. S., & Corvacho, H. (2009). The impact of  increasing the building envelope insulation upon the 
risk of  overheating in summer and an increased energy consumption. Journal of  Building Performance Simulation, 2(4), 
267–282. https://doi.org/10.1080/19401490903095865 

69. Niu, H., Chu, X., & Ma, Y. (2015). Study on the fluctuation of  purchasing power parity. Open Journal of  Business 
and Management, 4(1), 67–78. https://doi.org/10.4236/ojbm.2016.41008 

70. Thi, N. B. D., Kumar, G., & Lin, C. Y. (2015). An overview of  food waste management in developing countries: 
Current status and future perspective. Journal of  Environmental Management, 157, 220–229. https://doi.org/10.1016/ 
j.jenvman.2015.04.022 

71. Clarke, R. J. (2004). GDP and GNI. Organisation for Economic Cooperation and Development. The OECD 
Observer, (246/247), 32. 

72. Callen, T. (2008). Back to Basics: What Is Gross Domestic Product? Finance & Development, 48–49. 
73. Peck, M., & Pressman, M. A. (2013). The correlation between burn mortality rates from fire and flame and 

economic status of  countries. Burns, 39(6), 1054–1059. https://doi.org/10.1016/j.burns.2013.04.010 
74. Majumder, A., & Ray, R. (2020). National and subnational purchasing power parity: a review. Decision, 47(2), 103–

124. https://doi.org/10.1007/s40622-020-00245-7 
75. Pérez-Lombard, L., Ortiz, J., & Pout, C. (2008). A review on buildings energy consumption information. Energy 

and Buildings, 40(3), 394–398. https://doi.org/10.1016/j.enbuild.2007.03.007 
76. Lam, J. C. (1998). Climatic and economic influences on residential electricity consumption. Energy Conversion and 

Management, 39(7), 623–629. https://doi.org/10.1016/S0196-8904(97)10008-5 
77. Wolfram, C., Shelef, O., & Gertler, P. (2012). How will energy demand develop in the developing world? Journal of  

Economic Perspectives, 26(1), 119–138. https://doi.org/10.1257/jep.26.1.119 
78. Jamasb, T., & Meier, H. (2010). Household Energy Expenditure and Income Groups: Evidence from Great Britain. University 

of  Cambridge. 
79. Bouzarovski, S., & Petrova, S. (2015). A global perspective on domestic energy deprivation: Overcoming the energy 

poverty–fuel poverty binary. Energy Research & Social Science, 10, 31–40. https://doi.org/10.1016/j.erss.2015.06.007 
80. Pignatta, G., Chatzinikola, C., Artopoulos, G., Papanicolas, C. N., Serghides, D. K., & Santamouris, M. (2017). 

Analysis of  the indoor thermal quality in low income Cypriot households during winter. Energy and Buildings, 152, 
766–775. https://doi.org/10.1016/j.enbuild.2016.11.006 

81. Longo, D., Olivieri, G., Roversi, R., Turci, G., & Turillazzi, B. (2020). Energy poverty and protection of  vulnerable 
consumers. Overview of  the EU funding programs FP7 and H2020 and future trends in horizon Europe. Energies, 
13(5), 1030. https://doi.org/10.3390/en13051030 

82. Kashour, M. (2023). Interlinkages between human development, residential energy consumption, and energy 
efficiency for the EU-27 Member States, 2010–2018. Regional Statistics, 13(1), 36–54. https://doi.org/10.15196/ 
RS130102 

https://www.hos.pub/
https://doi.org/10.1016/j.enbuild.2006.08.004
https://doi.org/10.1260/0958-305X.25.8.1405
https://doi.org/10.3390/en14175502
https://doi.org/10.1016/j.enbuild.2022.112469
https://doi.org/10.1016/j.enbuild.2021.110762
https://doi.org/10.1016/j.enbuild.2021.110762
https://doi.org/10.1016/j.jobe.2020.101626
https://doi.org/10.1016/j.jobe.2020.101626
https://doi.org/10.1016/S0306-2619(02)00119-8
https://doi.org/10.1016/S0306-2619(02)00119-8
https://doi.org/10.1016/j.apenergy.2012.02.006
https://doi.org/10.1016/j.apenergy.2009.03.010
https://doi.org/10.1016/j.enbuild.2012.02.019
https://doi.org/10.1016/j.enbuild.2012.02.019
https://doi.org/10.3390/buildings3010220
https://doi.org/10.3390/buildings3010220
https://doi.org/10.1016/j.enbuild.2011.08.022
https://doi.org/10.1177/1744259107079880
https://doi.org/10.1016/j.enbuild.2014.07.011
https://doi.org/10.1016/j.enbuild.2014.07.011
https://doi.org/10.1016/j.enconman.2010.05.029
https://doi.org/10.1016/j.egypro.2013.11.029
https://doi.org/10.1080/19401490903095865
https://doi.org/10.4236/ojbm.2016.41008
https://doi.org/10.1016/j.jenvman.2015.04.022
https://doi.org/10.1016/j.jenvman.2015.04.022
https://doi.org/10.1016/j.burns.2013.04.010
https://doi.org/10.1007/s40622-020-00245-7
https://doi.org/10.1016/j.enbuild.2007.03.007
https://doi.org/10.1016/S0196-8904(97)10008-5
https://doi.org/10.1257/jep.26.1.119
https://doi.org/10.1016/j.erss.2015.06.007
https://doi.org/10.1016/j.enbuild.2016.11.006
https://doi.org/10.3390/en13051030
https://doi.org/10.15196/RS130102
https://doi.org/10.15196/RS130102


Highlights of Sustainability 2024 327  
 

https://www.hos.pub 
 

83. Wang, Y., Wu, T., Li, H., Skitmore, M., & Su, B. (2020). A statistics-based method to quantify residential energy 
consumption and stock at the city level in China: The case of  the Guangdong-Hong Kong-Macao Greater Bay 
Area cities. Journal of  Cleaner Production, 251, 119637. https://doi.org/10.1016/j.jclepro.2019.119637 

84. Nejat, P., Jomehzadeh, F., Taheri, M. M., Gohari, M., & Majid, M. Z. A. (2015). A global review of  energy 
consumption, CO2 emissions and policy in the residential sector (with an overview of  the top ten CO2 emitting 
countries). Renewable and Sustainable Energy Reviews, 43, 843–862. https://doi.org/10.1016/j.rser.2014.11.066 

85. Doris, E., Cochran, J., & Vorum, M. (2009). Energy efficiency policy in the United States: overview of  trends at different levels 
of  government (Technical Report NREL/TP-6A2-46532). National Renewable Energy Laboratory.  

86. Evans, M., Roshchanka, V., & Graham, P. (2017). An international survey of  building energy codes and their 
implementation. Journal of  Cleaner Production, 158, 382–389. https://doi.org/10.1016/j.jclepro.2017.01.007 

87. Levine, M., de la Rue de Can, S., Zheng, N., Williams, C., Amann, J., & Staniaszek, D. (2012). Building Energy-
Efficiency Best Practice Policies and Policy Packages. Lawrence Berkeley National Laboratory. 

88. Pérez-Lombard, L., Ortiz, J., Coronel, J. F., & Maestre, I. R. (2011). A review of  HVAC systems requirements in 
building energy regulations. Energy and Buildings, 43(2–3), 255–268. https://doi.org/10.1016/j.enbuild.2010.10.025 

89. Annunziata, E., Frey, M., & Rizzi, F. (2013). Towards nearly zero-energy buildings: The state-of-art of  national 
regulations in Europe. Energy, 57, 125–133. https://doi.org/10.1016/j.energy.2012.11.049 

90. Iwaro, J., & Mwasha, A. (2010). A review of  building energy regulation and policy for energy conservation in 
developing countries. Energy Policy, 38(12), 7744–7755. https://doi.org/10.1016/j.enpol.2010.08.027 

91. California Energy Commission. (2016). 2016 Building Energy Efficiency Standards. https://www.energy.ca.gov/ 
programs-and-topics/programs/building-energy-efficiency-standards (accessed 10 December 2023). 

92. Abdeen, A., O’Brien, W., Gunay, B., Newsham, G., & Knudsen, H. (2020). Comparative review of  occupant-
related energy aspects of  the National Building Code of  Canada. Building and Environment, 183, 107136. 
https://doi.org/10.1016/j.buildenv.2020.107136 

93. Yu, S., Tan, Q., Evans, M., Kyle, P., Vu, L., & Patel, P. L. (2017). Improving building energy efficiency in India: 
State-level analysis of  building energy efficiency policies. Energy Policy, 110, 331–341. https://doi.org/10.1016/ 
j.enpol.2017.07.013 

94. Yu, S., Eom, J., Evans, M., & Clarke, L. (2014). A long-term, integrated impact assessment of  alternative building 
energy code scenarios in China. Energy Policy, 67, 626–639. https://doi.org/10.1016/j.enpol.2013.11.009 

95. Chirarattananon, S., Rakwamsuk, P., Duc Hien, V., Taweekun, J., & Mettanant, V. (1–3 December 2004). 
Development of  a Building Energy Code for New Buildings in Thailand. The Joint International Conference on “Sustainable 
Energy and Environment (SEE)”, Hua Hin, Thailand. 

96. International Energy Agency (IEA). (2013). Tracking Clean Energy Progress 2013. 
97. Dascalaki, E. G., Balaras, C. A., Gaglia, A. G., Droutsa, K. G., & Kontoyiannidis, S. (2012). Energy performance 

of  buildings—EPBD in Greece. Energy Policy, 45, 469–477. https://doi.org/10.1016/j.enpol.2012.02.058 
98. Fossati, M., Scalco, V. A., Linczuk, V. C. C., & Lamberts, R. (2016). Building energy efficiency: An overview of  

the Brazilian residential labeling scheme. Renewable and Sustainable Energy Reviews, 65, 1216–1231. https://doi.org/ 
10.1016/j.rser.2016.06.048 

99. Li, B., & Yao, R. (2009). Urbanisation and its impact on building energy consumption and efficiency in China. 
Renewable Energy, 34(9), 1994–1998. https://doi.org/10.1016/j.renene.2009.02.015 

100. Lee, W. L., & Chen, H. (2008). Benchmarking Hong Kong and China energy codes for residential buildings. Energy 
and Buildings, 40(9), 1628–1636. https://doi.org/10.1016/j.enbuild.2008.02.018 

101. Chen, H., Lee, W. L., & Wang, X. (2015). Energy assessment of  office buildings in China using China building 
energy codes and LEED 2.2. Energy and Buildings, 86, 514–524. https://doi.org/10.1016/j.enbuild.2014.10.034 

102. Tulsyan, A., Dhaka, S., Mathur, J., & Yadav, J. V. (2013). Potential of  energy savings through implementation of  
Energy Conservation Building Code in Jaipur city, India. Energy and Buildings, 58, 123–130. https://doi.org/ 
10.1016/j.enbuild.2012.11.015 

103. Diakaki, C., Grigoroudis, E., & Kolokotsa, D. (2008). Towards a multi-objective optimization approach for improving 
energy efficiency in buildings. Energy and Buildings, 40(9), 1747–1754. https://doi.org/10.1016/j.enbuild.2008.03.002 

104. Kwok, A. G., & Rajkovich, N. B. (2010). Addressing climate change in comfort standards. Building and Environment, 
45(1), 18–22. https://doi.org/10.1016/j.buildenv.2009.02.005 

105. Fernandez-Antolin, M. M., del Río, J. M., Costanzo, V., Nocera, F., & Gonzalez-Lezcano, R. A. (2019). Passive 
design strategies for residential buildings in different Spanish climate zones. Sustainability, 11(18), 4816. 
https://doi.org/10.3390/su11184816 

106. Pajek, L., & Košir, M. (2021). Strategy for achieving long-term energy efficiency of  European single-family buildings 
through passive climate adaptation. Applied Energy, 297, 117116. https://doi.org/10.1016/j.apenergy.2021.117116 

107. Huang, K. T., & Hwang, R. L. (2016). Future trends of  residential building cooling energy and passive adaptation 
measures to counteract climate change: The case of  Taiwan. Applied Energy, 184, 1230–1240. https://doi.org/ 
10.1016/j.apenergy.2015.11.008 

108. Chen, X., & Yang, H. (2018). Integrated energy performance optimization of  a passively designed high-rise 
residential building in different climatic zones of  China. Applied Energy, 215, 145–158. https://doi.org/10.1016/ 
j.apenergy.2018.01.099 

109. Bhamare, D. K., Rathod, M. K., & Banerjee, J. (2020). Evaluation of  cooling potential of  passive strategies using 
bioclimatic approach for different Indian climatic zones. Journal of  Building Engineering, 31, 101356. https://doi.org/ 
10.1016/j.jobe.2020.101356 

110. Van Hooff, T., Blocken, B., Hensen, J. L. M., & Timmermans, H. J. P. (2014). On the predicted effectiveness of  
climate adaptation measures for residential buildings. Building and Environment, 82, 300–316. https://doi.org/ 
10.1016/j.buildenv.2014.08.027 

111. Rodriguez-Ubinas, E., Montero, C., Porteros, M., Vega, S., Navarro, I., Castillo-Cagigal, M., et al. (2014). Passive 
design strategies and performance of  Net Energy Plus Houses. Energy and Buildings, 83, 10–22. https://doi.org/ 
10.1016/j.enbuild.2014.03.074 

112. Shi, Q., Gao, J., Wang, X., Ren, H., Cai, W., & Wei, H. (2020). Temporal and spatial variability of  carbon emission 
intensity of  urban residential buildings: Testing the effect of  economics and geographic location in China. 
Sustainability, 12(7), 2695. https://doi.org/10.3390/su12072695 

113. Mikulić, D., Keček, D., & Slijepčević, S. (2021). Economic and regional spillovers of  energy efficiency investments 
in buildings. Energy and Buildings, 253, 111518. https://doi.org/10.1016/j.enbuild.2021.111518 

https://www.hos.pub/
https://doi.org/10.1016/j.jclepro.2019.119637
https://doi.org/10.1016/j.rser.2014.11.066
https://doi.org/10.1016/j.jclepro.2017.01.007
https://doi.org/10.1016/j.enbuild.2010.10.025
https://doi.org/10.1016/j.energy.2012.11.049
https://doi.org/10.1016/j.enpol.2010.08.027
https://doi.org/10.1016/j.buildenv.2020.107136
https://doi.org/10.1016/j.enpol.2017.07.013
https://doi.org/10.1016/j.enpol.2017.07.013
https://doi.org/10.1016/j.enpol.2013.11.009
https://doi.org/10.1016/j.enpol.2012.02.058
https://doi.org/10.1016/j.rser.2016.06.048
https://doi.org/10.1016/j.rser.2016.06.048
https://doi.org/10.1016/j.renene.2009.02.015
https://doi.org/10.1016/j.enbuild.2008.02.018
https://doi.org/10.1016/j.enbuild.2014.10.034
https://doi.org/10.1016/j.enbuild.2012.11.015
https://doi.org/10.1016/j.enbuild.2012.11.015
https://doi.org/10.1016/j.enbuild.2008.03.002
https://doi.org/10.1016/j.buildenv.2009.02.005
https://doi.org/10.3390/su11184816
https://doi.org/10.1016/j.apenergy.2021.117116
https://doi.org/10.1016/j.apenergy.2015.11.008
https://doi.org/10.1016/j.apenergy.2015.11.008
https://doi.org/10.1016/j.apenergy.2018.01.099
https://doi.org/10.1016/j.apenergy.2018.01.099
https://doi.org/10.1016/j.jobe.2020.101356
https://doi.org/10.1016/j.jobe.2020.101356
https://doi.org/10.1016/j.buildenv.2014.08.027
https://doi.org/10.1016/j.buildenv.2014.08.027
https://doi.org/10.1016/j.enbuild.2014.03.074
https://doi.org/10.1016/j.enbuild.2014.03.074
https://doi.org/10.3390/su12072695
https://doi.org/10.1016/j.enbuild.2021.111518


Highlights of Sustainability 2024 328  
 

https://www.hos.pub 
 

114. Allouhi, A., El Fouih, Y., Kousksou, T., Jamil, A., Zeraouli, Y., & Mourad, Y. (2015). Energy consumption and 
efficiency in buildings: current status and future trends. Journal of  Cleaner Production, 109, 118–130. https://doi.org/ 
10.1016/j.jclepro.2015.05.139 

115. O’Brien, W., Tahmasebi, F., Andersen, R. K., Azar, E., Barthelmes, V., Belafi, Z. D., et al. (2020). An international 
review of  occupant-related aspects of  building energy codes and standards. Building and Environment, 179, 106906. 
https://doi.org/10.1016/j.buildenv.2020.106906 

116. Rode, P., Keim, C., Robazza, G., Viejo, P., & Schofield, J. (2014). Cities and energy: urban morphology and 
residential heat-energy demand. Environment and Planning B: Planning and Design, 41(1), 138–162. https://doi.org/ 
10.1068/b39065 

117. Liu, X., & Sweeney, J. (2012). Modelling the impact of  urban form on household energy demand and related CO2 
emissions in the Greater Dublin Region. Energy Policy, 46, 359–369. https://doi.org/10.1016/j.enpol.2012.03.070 

118. Salvati, A., Coch, H., & Morganti, M. (2017). Effects of  urban compactness on the building energy performance 
in Mediterranean climate. Energy Procedia, 122, 499–504. https://doi.org/10.1016/j.egypro.2017.07.303 

119. Cheng, V., Steemers, K., Montavon, M., & Compagnon, R. (6–8 September 2006). Urban Form, Density and Solar 
Potential. PLEA 2006, Geneva, Switzerland. 

120. Gowri, K. (2004). Green building rating systems: An overview. ASHRAE Journal, 46(11), 56. 
121. Awadh, O. (2017). Sustainability and green building rating systems: LEED, BREEAM, GSAS and Estidama 

critical analysis. Journal of  Building Engineering, 11, 25–29. https://doi.org/10.1016/j.jobe.2017.03.010 
122. Usman, M., & Frey, G. (2021). Multi-objective techno-economic optimization of  design parameters for residential 

buildings in different climate zones. Sustainability, 14(1), 65. https://doi.org/10.3390/su14010065 
123. Chegut, A., Eichholtz, P., & Kok, N. (2014). Supply, demand and the value of  green buildings. Urban Studies, 51(1), 

22–43. https://doi.org/10.1177/0042098013484526 
124. Mishra, V., Smyth, R., & Sharma, S. (2009). The energy-GDP nexus: evidence from a panel of  Pacific Island 

countries. Resource and Energy Economics, 31(3), 210–220. https://doi.org/10.1016/j.reseneeco.2009.04.002 
125. Martilli, A. (2014). An idealized study of  city structure, urban climate, energy consumption, and air quality. Urban 

Climate, 10, 430–446. https://doi.org/10.1016/j.uclim.2014.03.003 
126. Mansur, E. T., Mendelsohn, R., & Morrison, W. (2008). Climate change adaptation: A study of  fuel choice and 

consumption in the US energy sector. Journal of  Environmental Economics and Management, 55(2), 175–193. 
https://doi.org/10.1016/j.jeem.2007.10.001 

127. de la Cruz-Lovera, C., Perea-Moreno, A. J., de la Cruz-Fernández, J. L., Alvarez-Bermejo, J. A., & Manzano-
Agugliaro, F. (2017). Worldwide research on energy efficiency and sustainability in public buildings. Sustainability, 
9(8), 1294. https://doi.org/10.3390/su9081294 

128. Lu, M., & Lai, J. (2020). Review on carbon emissions of  commercial buildings. Renewable and Sustainable Energy 
Reviews, 119, 109545. https://doi.org/10.1016/j.rser.2019.109545 

129. Roth, M., & Chow, W. T. (2012). A historical review and assessment of  urban heat island research in S ingapore. 
Singapore Journal of  Tropical Geography, 33(3), 381–397. https://doi.org/10.1111/sjtg.12003 

130. Clark, T. A. (2013). Metropolitan density, energy efficiency and carbon emissions: Multi-attribute tradeoffs and 
their policy implications. Energy Policy, 53, 413–428. https://doi.org/10.1016/j.enpol.2012.11.006 

131. Pan, W., & Garmston, H. (2012). Compliance with building energy regulations for new-build dwellings. Energy, 
48(1), 11–22. https://doi.org/10.1016/j.energy.2012.06.048 

132. Su, B., Goh, T., Ang, B. W., & Ng, T. S. (2022). Energy consumption and energy efficiency trends in Singapore: 
The case of  a meticulously planned city. Energy Policy, 161, 112732. https://doi.org/10.1016/j.enpol.2021.112732 

133. Asif, M. (2016). Growth and sustainability trends in the buildings sector in the GCC region with particular 
reference to the KSA and UAE. Renewable and Sustainable Energy Reviews, 55, 1267–1273. https://doi.org/10.1016/ 
j.rser.2015.05.042 

134. Bayomi, N., & Fernandez, J. E. (2018). Trends of  energy demand in the Middle East: A sectoral level analysis. 
International Journal of  Energy Research, 42(2), 731–753. https://doi.org/10.1002/er.3861 

135. Al-Saeed, Y. W., & Ahmed, A. (2018). Evaluating design strategies for nearly zero energy buildings in the middle 
east and North Africa regions. Designs, 2(4), 35. https://doi.org/10.3390/designs2040035 

136. Al-Tamimi, N. (2017). A state-of-the-art review of  the sustainability and energy efficiency of  buildings in Saudi 
Arabia. Energy Efficiency, 10(5), 1129–1141. https://doi.org/10.1007/s12053-017-9507-6 

137. Worrell, E., Bernstein, L., Roy, J., Price, L., & Harnisch, J. (2009). Industrial energy efficiency and climate change 
mitigation. Energy Efficiency, 2(2), 109–123. https://doi.org/10.1007/s12053-008-9032-8 

138. Raji, B., Tenpierik, M. J., & Van den Dobbelsteen, A. (2017). Early-stage design considerations for the energy-
efficiency of  high-rise office buildings. Sustainability, 9(4), 623. https://doi.org/10.3390/su9040623 

139. Wang, Q., Lin, J., Zhou, K., Fan, J., & Kwan, M. P. (2020). Does urbanization lead to less residential  
energy consumption? A comparative study of  136 countries. Energy, 202, 117765. https://doi.org/10.1016/ 
j.energy.2020.117765 

140. Jordanova, N., Jordanova, D., Tcherkezova, E., Georgieva, B., & Ishlyamski, D. (2021). Advanced mineral magnetic 
and geochemical investigations of  road dusts for assessment of  pollution in urban areas near the largest copper smelter 
in SE Europe. Science of  the Total Environment, 792, 148402. https://doi.org/10.1016/j.scitotenv.2021.148402 

141. Hassan, Q., Al-Hitmi, M., Tabar, V. S., Sameen, A. Z., Salman, H. M., & Jaszczur, M. (2023). Middle East energy 
consumption and potential renewable sources: An overview. Cleaner Engineering and Technology, 12, 100599. 
https://doi.org/10.1016/j.clet.2023.100599 

 

https://www.hos.pub/
https://doi.org/10.1016/j.jclepro.2015.05.139
https://doi.org/10.1016/j.jclepro.2015.05.139
https://doi.org/10.1016/j.buildenv.2020.106906
https://doi.org/10.1068/b39065
https://doi.org/10.1068/b39065
https://doi.org/10.1016/j.enpol.2012.03.070
https://doi.org/10.1016/j.egypro.2017.07.303
https://doi.org/10.1016/j.jobe.2017.03.010
https://doi.org/10.3390/su14010065
https://doi.org/10.1177/0042098013484526
https://doi.org/10.1016/j.reseneeco.2009.04.002
https://doi.org/10.1016/j.uclim.2014.03.003
https://doi.org/10.1016/j.jeem.2007.10.001
https://doi.org/10.3390/su9081294
https://doi.org/10.1016/j.rser.2019.109545
https://doi.org/10.1111/sjtg.12003
https://doi.org/10.1016/j.enpol.2012.11.006
https://doi.org/10.1016/j.energy.2012.06.048
https://doi.org/10.1016/j.enpol.2021.112732
https://doi.org/10.1016/j.rser.2015.05.042
https://doi.org/10.1016/j.rser.2015.05.042
https://doi.org/10.1002/er.3861
https://doi.org/10.3390/designs2040035
https://doi.org/10.1007/s12053-017-9507-6
https://doi.org/10.1007/s12053-008-9032-8
https://doi.org/10.3390/su9040623
https://doi.org/10.1016/j.energy.2020.117765
https://doi.org/10.1016/j.energy.2020.117765
https://doi.org/10.1016/j.scitotenv.2021.148402
https://doi.org/10.1016/j.clet.2023.100599


Highlights of Sustainability 2024 329  
 

https://www.hos.pub 
 

Appendix A. Correlation Matrix 

Model 1 

 
Figure A1. Correlation matrix for Model 1. 

 
Table A1. Correlation matrix for Model 1. 

 
Whether the building 

 is located in the  
urban centre 

Use of building  
energy codes Ln(PGNI) Ln(PPP) Ln(Population density) 

Whether the building is  
located in the urban centre 1.00     

Use of building energy codes −0.06 1.00    

Ln(PGNI) −0.11 0.44 1.00   

Ln(PPP) −0.06 0.62 0.50 1.00  

Ln(Population density) 0.18 −0.40 −0.77 −0.58 1.00 

Model 2 (Four different climate zones) 

Climate Zone A 

 
Figure A2. Correlation matrix for Model 2 (Climate Zone A). 

 
Table A2. Correlation matrix for Model 2 (Climate Zone A). 

 
Whether the building 

 is located in the  
urban centre 

Use of building  
energy codes Ln(PGNI) Ln(PPP) Ln(Population density) 

Whether the building is  
located in the urban centre 1.00     

Use of building energy codes 0.04 1.00    

Ln(PGNI) 0.14 0.34 1.00   

Ln(PPP) 0.04 0.84 0.49 1.00  

Ln(Population density) −0.07 −0.33 −0.86 −0.43 1.00 

Climate Zone B 

 
Figure A3. Correlation matrix for Model 2 (Climate Zone B). 
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Table A3. Correlation matrix for Model 2 (Climate Zone B). 

 
Whether the building  

is located in the  
urban centre 

Use of building  
energy codes Ln(PGNI) Ln(PPP) Ln(Population density) 

Whether the building is  
located in the urban centre 1.00     

Use of building energy codes −0.03 1.00    

Ln(PGNI) 0.06 0.24 1.00   

Ln(PPP) 0.24 0.71 0.57 1.00  

Ln(Population density) −0.19 −0.42 −0.83 −0.79 1.00 

Climate Zone C 

 
Figure A4. Correlation matrix for Model 2 (Climate Zone C). 

 
Table A4. Correlation matrix for Model 2 (Climate Zone C). 

 
Whether the building  

is located in the  
urban centre 

Use of building  
energy codes Ln(PGNI) Ln(PPP) Ln(Population density) 

Whether the building is  
located in the urban centre 1.00     

Use of building energy codes −0.08 1.00    

Ln(PGNI) −0.19 0.46 1.00   

Ln(PPP) −0.14 0.57 0.50 1.00  

Ln(Population density) 0.27 −0.39 −0.75 −0.62 1.00 

Climate Zone D 

 
Figure A5. Correlation matrix for Model 2 (Climate Zone D). 

 
Table A5. Correlation matrix for Model 2 (Climate Zone D). 

 
Whether the building  

is located in the  
urban centre 

Use of building  
energy codes Ln(PGNI) Ln(PPP) Ln(Population density) 

Whether the building  
is located in the urban centre 1.00     

Use of building energy codes −0.04 1.00    

Ln(PGNI) −0.13 0.26 1.00   

Ln(PPP) −0.12 0.33 0.29 1.00  

Ln(Population density) 0.22 −0.15 −0.67 −0.36 1.00 
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Model 3 (Four different building types) 

Civil Industrial Buildings 

 
Figure A6. Correlation matrix for Model 3 (Civil Industrial Buildings). 

 
Table A6. Correlation matrix for Model 3 (Civil Industrial Buildings). 

 
Whether the building  

is located in the  
urban centre 

Use of building  
energy codes Ln(PGNI) Ln(PPP) Ln(Population density) 

Whether the building is  
located in the urban centre 1.00     

Use of building energy codes 0.04 1.00    

Ln(PGNI) −0.05 0.61 1.00   

Ln(PPP) 0.03 0.72 0.61 1.00  

Ln(Population density) 0.14 −0.48 −0.75 −0.60 1.00 

Civil Public Buildings 

 
Figure A7. Correlation matrix for Model 3 (Civic Public Buildings). 

 
Table A7. Correlation matrix for Model 3 (Civic Public Buildings). 

 
Whether the building  

is located in the  
urban centre 

Use of building  
energy codes Ln(PGNI) Ln(PPP) Ln(Population density) 

Whether the building is  
located in the urban centre 1.00     

Use of building energy codes −0.06 1.00    

Ln(PGNI) −0.12 0.37 1.00   

Ln(PPP) −0.10 0.59 0.38 1.00  

Ln(Population density) 0.22 −0.38 −0.79 −0.50 1.00 

Civil Residence 

 
Figure A8. Correlation matrix for Model 3 (Civic Residence). 
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Table A8. Correlation matrix for Model 3 (Civic Residence). 

 
Whether the building  

is located in the  
urban centre 

Use of building  
energy codes Ln(PGNI) Ln(PPP) Ln(Population density) 

Whether the building is  
located in the urban centre 1.00     

Use of building energy codes 0.03 1.00    

Ln(PGNI) 0.09 0.17 1.00   

Ln(PPP) 0.12 0.51 0.73 1.00  

Ln(Population density) −0.01 −0.18 −0.60 −0.61 1.00 

Non-civil Building 

 
Figure A9. Correlation matrix for Model 3 (Non-civic Building). 

 
Table A9. Correlation matrix for Model 3 (Non-civic Building). 

 
Whether the building  

is located in the  
urban centre 

Use of building  
energy codes Ln(PGNI) Ln(PPP) Ln(Population density) 

Whether the building is  
located in the urban centre 1.00     

Use of building energy codes −0.07 1.00    

Ln(PGNI) −0.11 0.47 1.00   

Ln(PPP) −0.11 0.64 0.52 1.00  

Ln(Population density) 0.20 −0.45 −0.79 −0.61 1.00 

https://www.hos.pub/


Highlights of Sustainability 2024 333  
 

https://www.hos.pub 
 

Appendix B. Interaction among Variables 

Original 

 
Figure B1. Correlation coefficient among the independent variables in the regression model.
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Figure B1. (Continued) 
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Figure B1. (Continued) 

Improved Version 1 
Table B1. Correlation coefficient among the independent variables in regression model. 

Dep. var. = PA Coef. St. Err. t-value p-value [95% Conf Interval] Sig 

Constant 35.83 11.67 3.07 0.00 12.96 58.71 *** 

Whether the building is located in the urban centre 2.86 7.03 0.41 0.69 −10.93 16.64  

Use of building energy codes −3.19 11.43 −0.28 0.78 −25.59 19.21  

Climate Zone A (base A) 0.00       
Climate Zone B −20.69 11.70 −1.77 0.08 −43.62 2.25 * 

Climate Zone C −5.13 9.28 −0.55 0.58 −23.32 13.06  

Climate Zone D 41.37 14.96 2.77 0.01 12.05 70.68 *** 

Residential buildings (base 1Res~l) 0.00       

Civilian industrial buildings −9.72 11.75 −0.83 0.41 −32.75 13.31  

Civilian public buildings −17.48 11.85 −1.48 0.14 −40.70 5.74  

Non-civilian buildings −9.80 10.52 −0.93 0.35 −30.42 10.83  

Ln(Population density) 4.56 0.12 38.99 0.00 4.33 4.79 *** 

Whether the building is located in the urban centre (base no) 0.00       

1 −18.49 13.10 −1.41 0.16 −44.18 7.19  

Use of building energy codes (base no) 0.00       

1 0.00       

https://www.hos.pub/


Highlights of Sustainability 2024 336  
 

https://www.hos.pub 
 

Table B1. (Continued) 

Whether the building is located in the urban centre (base no)  
# Use of building energy codes (base no) 0.00       

Yes_Yes 17.40 10.82 1.61 0.11 -3.80 38.60  

Whether the building is located in the urban centre (base no)  
# Climate Zone (base Climate Zone A) 0.00       

Yes_Climate Zone B 53.36 11.27 4.73 0.00 31.26 75.45 *** 

Yes_Climate Zone C −0.81 7.98 −0.10 0.92 −16.45 14.82  

Yes_Climate Zone D −35.57 14.57 −2.44 0.02 −64.13 −7.01 ** 

Use of building energy codes (base no)  
# Climate Zone (base Climate Zone A) 0.00       

Yes_Climate Zone B 32.86 11.50 2.86 0.00 10.31 55.40 *** 
Yes_Climate Zone C −4.89 9.02 −0.54 0.59 −22.56 12.79  

Yes_Climate Zone D −35.55 14.79 −2.40 0.02 −64.54 −6.56 ** 

Whether the building is located in the urban centre (base no)  
# Use of building energy codes (base no)  
# Climate Zone (base Climate A) 

0.00       

Yes_Yes_Climate Zone B −66.65 11.05 −6.03 0.00 −88.30 −45.00 *** 
Yes_Yes_Climate Zone C 6.66 7.64 0.87 0.38 −8.31 21.62  

Yes_Yes_Climate Zone C 28.33 14.38 1.97 0.05 0.14 56.52 ** 

Whether the building is located in the urban centre (base no)  
# Building types (base Residential buildings) 0.00       

Yes_Civil industrial buildings 14.41 11.23 1.28 0.20 −7.59 36.42  

Yes_Civil public buildings 16.95 11.30 1.50 0.13 −5.21 39.10  

Yes_Non-civil building 11.26 9.83 1.15 0.25 −8.00 30.52  

Use of building energy codes (base no)  
# Building types (base Residential buildings) 0.00       

Yes_Civil industrial buildings −4.50 12.10 −0.37 0.71 −28.22 19.21  

Yes_Civil public buildings 12.72 11.71 1.09 0.28 −10.22 35.66  

Yes_Non-civil building 1.86 9.75 0.19 0.85 −17.25 20.96  

Whether the building is located in the urban centre (base no)  
# Use of building energy codes (base no)  
# Building types (base Residential buildings) 

0.00       

Yes_Yes_Civil industrial buildings −15.71 11.78 −1.33 0.18 −38.80 7.38  

Yes_Yes_Civil public buildings −27.36 11.15 −2.45 0.01 −49.21 −5.52 ** 

Yes_Yes_Non-civil building −13.36 8.92 −1.50 0.13 −30.84 4.12  

Climate Zone (base Climate Zone A)  
# Building types (base Residential buildings) 0.00       

Climate Zone B_Civil industrial buildings 1.63 12.23 0.13 0.89 −22.34 25.59  

Climate Zone B_Civil public buildings 21.73 12.32 1.76 0.08 −2.41 45.88 * 
Climate Zone B_Non-civil building 25.75 11.49 2.24 0.03 3.23 48.27 ** 

Climate Zone C_Civil industrial buildings −3.99 9.62 −0.41 0.68 −22.85 14.88  

Climate Zone C_Civil public buildings 2.75 9.92 0.28 0.78 −16.69 22.19  

Climate Zone C_Non-civil building 4.85 6.47 0.75 0.45 −7.83 17.52  

Climate Zone D_Civil industrial buildings −39.17 16.60 −2.36 0.02 −71.71 −6.63 ** 
Climate Zone D_Civil public buildings −15.60 4.67 −3.34 0.00 −24.76 −6.44 *** 

Climate Zone D_Non-civil building −11.52 4.09 −2.82 0.01 −19.54 −3.50 *** 
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Table B1. (Continued) 

Whether the building is located in the urban centre (base no)  
# Climate Zone (base Climate Zone A)  
# Building types (base Residential buildings) 

0.00       

Yes_Climate Zone B_Civil industrial buildings −43.39 12.05 −3.60 0.00 −67.01 −19.77 *** 

Yes_Climate Zone B_Civil public buildings −57.03 11.98 −4.76 0.00 −80.51 −33.55 *** 
Yes_Climate Zone B_Non-civil building −59.28 11.09 −5.35 0.00 −81.01 −37.55 *** 

Yes_Climate Zone C_Civil industrial buildings 2.71 8.59 0.32 0.75 −14.14 19.55  

Yes_Climate Zone C_Civil public buildings −1.85 8.76 −0.21 0.83 −19.03 15.32  

Yes_Climate Zone C_Non-civil building 0.68 4.19 0.16 0.87 −7.54 8.90  

Yes_Climate Zone D_Civil industrial buildings 29.00 19.08 1.52 0.13 −8.38 66.39  

Yes_Climate Zone D_Civil public buildings 18.75 2.72 6.89 0.00 13.41 24.08 *** 

Yes_Climate Zone D_Non-civil building 14.02 4.26 3.29 0.00 5.67 22.38 *** 

Use of building energy codes (base no)  
# Climate Zone (base Climate Zone A)  
# Building types (base Residential buildings) 

0.00       

Yes_Climate Zone B_Civil industrial buildings −15.34 12.71 −1.21 0.23 −40.25 9.58  

Yes_Climate Zone B_Civil public buildings −47.56 12.23 −3.89 0.00 −71.52 −23.60 *** 
Yes_Climate Zone B_Non-civil building −44.36 10.89 −4.07 0.00 −65.71 −23.02 *** 

Yes_Climate Zone C_Civil industrial buildings 13.73 10.08 1.36 0.17 −6.03 33.50  

Yes_Climate Zone C_Civil public buildings −6.03 9.76 −0.62 0.54 −25.15 13.09  

Yes_Climate Zone C_Non-civil building −0.94 5.06 −0.19 0.85 −10.86 8.97  

Yes_Climate Zone D_Civil industrial buildings 34.32 16.90 2.03 0.04 1.20 67.43 ** 
Yes_Climate Zone D_Civil public buildings −3.41 3.90 −0.87 0.38 −11.05 4.23  

Yes_Climate Zone D_Non-civil building 0.00       

Whether the building is located in the urban centre (base no)  
# Use of building energy codes (base no)  
# Climate Zone (base Climate Zone A)  
# Building types (base Residential buildings) 

0.00       

Yes_Yes_Climate Zone B_Civil industrial buildings 56.66 12.78 4.43 0.00 31.60 81.71 *** 
Yes_Yes_Climate Zone B_Civil public buildings 82.83 11.89 6.97 0.00 59.53 106.12 *** 

Yes_Yes_Climate Zone B_Non-civil building 77.63 10.43 7.44 0.00 57.18 98.08 *** 

Yes_Yes_Climate Zone C_Civil industrial buildings −10.35 9.36 −1.10 0.27 −28.70 8.01  

Yes_Yes_Climate Zone C_Civil public buildings 7.55 8.57 0.88 0.38 −9.23 24.34  

Yes_Yes_Climate Zone C_Non-civil building 0.00       
Yes_Yes_Climate Zone D_Civil industrial buildings −23.75 19.47 −1.22 0.22 −61.91 14.40  

Yes_Yes_Climate Zone D_Civil public buildings 0.00       

Yes_Yes_Climate Zone D_Non-civil building 0.00       

Number of obs      56,200.00 
R-squared      0.24 

F-test       282.15 

Prob > F    0.00 

*** p < 0.01, ** p < 0.05, * p < 0.1. Note: *** indicates significance at the 1% level; ** indicates significance at the 5% level; * indicates significance at the 10% 
level. 
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