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Reducing carbon emissions through green renewal:
insights from residential energy consumption in
Chinese urban inventory districts from an
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The green regeneration of urban inventory is now much more viewed as a strategy to create
“green finance”, in contrast to the urban renewal movement that was started in the 1950s
and focused on the physical renovation of the built environment. This study draws on
evidence-based theory to examine the spatial forms of residential communities in 36 urban
districts of China. From a morphological perspective, it summarizes the spatial forms of
residential environments at the level of buildings and microdistricts. The results indicate that
in urban areas, the aspect ratio and shape coefficient of residential buildings have a significant
impact on household energy consumption, and an appropriate increase in building density will
help reduce carbon emissions. In conclusion, this study emphasizes the role of carbon
reduction as a kind of “green finance" and provides a reference for subsequent urban renewal

decisions in combination with China's actual cases.
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Introduction

ccording to UN Habitat, cities consume 78% of the

world’s energy and produce more than 60% of greenhouse

gas emissions (UN Habitat, 2022). In the field of energy
and the environment, reducing the energy consumption of cities
is listed as one of the main issues for both developing and
developed countries (Lombardi, et al,, 2017; Zhang, 2023). In
addition to applying new green development strategies in urban
growth in our world today, it is more important to carry out
green transformation of the existing urban space, i.e., urban
inventory (Dhakal, 2010). Generally, these urban inventories were
constructed decades or even hundreds of years ago, and at that
time, green and low-carbon construction was far from becoming
an important principle of urban construction (Mumford, 1961;
Yu and Zhang, 2021). Green renewal of urban inventory, which
can increase the well-being of urban residents and can obtain
extensive green finance support, has been endowed with more
significance than ordinary urban renewal (Chan and Lee, 2008;
Berrou, et al., 2019).

In the 1950s and 1960s, Western countries experienced a wave
of urban renewal, which was also called urban regeneration in the
United Kingdom and urban redevelopment in the United States
(Caves, 2005). During this period, urban inventory renewal
initiatives were motivated by dwindling tax revenue, unsightly
circumstances, or difficult urban living conditions (Teaford, 2000,
Hyra, 2012). Economic, social, and environmental rejuvenation
are the core objectives of urban renewal (Davis and Whinston,
1961; Couch, 1990). As a typical contentious program, urban
renewal has been viewed as a tool for control by detractors and as
an economic engine and reform vehicle by supporters (Chuol,
2010). However, in the last two decades, however, renewal of
urban inventory has reemerged as a crucial issue in the context of
green transformation (Zheng et al., 2014). Instead of serving a
single economic or social aim, it is increasingly understood that
the primary objective of urban inventory renewal is to enhance
the operational mode of urban inventory to promote sustain-
ability (Pérez, et al., 2018). On this basis, a number of empirical
studies have demonstrated the role of inventory spatial planning
in carbon reduction (e.g., Komatsu et al., 2013; Onat et al., 2014;
Huo et al., 2022; Mumtaz et al., 2023).

However, these practices have not received the same attention
in the fast-growing cities of Asia, although such cities face more
serious urban challenges. Since 1990, China has seen the world’s
quickest urbanization and has one of the largest urban sprawl
scales (Wang and Zhao, 2018). Economic revival was brought
about by extensive construction and real estate development
(Wang and Watson, 2007). Not surprisingly, the Chinese main-
land has been increasing its carbon emissions, putting it in first
place with a notable volume and a contribution of 28.8% in 2019
(Zhang et al., 2020). This is because the land inventory in urban
centres has not been fully explored according to a scientific sys-
tem, thereby leading to the inappropriate application of existing
mature green carbon reduction methods; on the other hand, due
to the lack of effective practical tools for local governments to
guide and organize development, these governments can only
focus on the short-term economic benefits of a new city devel-
opment, which results in a larger amount of carbon emissions
(Guo et al., 2023). These combined economic and political factors
have led to a situation where local governments are willing to use
carbon reduction methods in urban renewal but do not know
how to reduce carbon emissions through green renewal.

The renewal of the urban inventory provides an opportunity to
address the enormous challenges in terms of urban structure,
urban function and human living conditions faced in China’s
urbanization process and to achieve sustainable development
goals (SDGs) (Xie et al., 2021). Urban inventory and inefficient
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urban land redevelopment are the major strategies of China’s
urban renewal (Ye et al.,, 2021). As a typical rapidly urbanizing
emerging economy, China’s urban inventory space is spatially
renewed to repair the defects in the urban development process.
Therefore, unlike urban regeneration in industrialized countries,
China’s urban regeneration is mainly aimed at rejuvenating land
that has not been fully utilized during rapid development (Zhao
et al.,, 2021). In China, as the reform of territorial spatial planning
continues, new land for construction is strictly controlled by
national policy and has been significantly characterized by
inventory planning (Liu and Zhou, 2021). The current problems
in urban inventory planning can be summarized as the plurality
of interested parties, the complexity of theoretical connotations,
the dynamics of planning preparation and the ambiguity of
decision-making mechanisms, which together lead to challenging
approval decisions. Ultimately, the fact that China has not yet
established scientific standards for urban inventory renewal
constitutes the founding cause of these issues (Zhuang et al,
2019). In summary, inventory renewal, as an important solution
to reduce urban carbon emissions, has yet to develop a sound
decision-making system based on a systematic scientific basis.
A complete set of solutions is needed to respond to the issue of
green carbon reduction in urban regeneration to provide
actionable recommendations for decision-makers.

Appropriate and science-based government policy leadership
will help unlock innovative private investment and market-based
solutions (Taghizadeh-Hesary, Yoshino (2019)). While research
into evidence-based planning decisions is becoming a recent
research area of heightened interest, there are very few further
responses to urban inventory space. Research gaps still exist. First,
evidence-based planning studies tend to focus on the city scale
(e.g., Munier, 2011; Manupati et al., 2018) or individual building
scale (e.g., Ho et al., 2012; Varela and Rada, 2017) rather than the
neighborhood level. Urban renewal initiatives at the neighbor-
hood level can be planned in terms of the local context in the
neighborhood exists and operates (Boyle et al., 2018; Pérez et al,,
2018) and at the same time such initiatives are able to reflect the
sustainability vision at the city level. Furthermore, there is a
distinctive lack of studies on urban renewal decision-making at
the neighborhood level in the Chinese context. Second, the cur-
rent planning decision-making mechanisms are still lacking in
terms of scientific support, and this considerably affects policy
effectiveness (Wu et al.,, 2014). Strategies and practical methods
lack a specific scientific system for urban inventory renewal.
Third, planning decisions are seen as an important tool for
governments to achieve green finance in cities (Lv et al.,, 2021; Lee
and Lee, 2022). These planning decision studies have established
a link between science, planning and green renewal but lack
systematic research, especially in terms of the green renewal of
urban inventory. These lacunae seem to be particularly regrettable
for the studies of sustainable urban development.

To fill this lacuna, this study aims to establish a scientific
indicator system for planning decision-making relying on
evidence-based theories and methods to provide a systematic,
green and low-carbon scientific basis for the government’s urban
planning decision-making. In this research, we specifically gath-
ered the digital map database and the data on residential energy
consumption of 36 urban districts of China to characterize the
morphological aspects of the urban inventories. Considering the
rise in residential energy consumption in Chinese cities during
the COVID-19 epidemic lockdown, this study further examined
the relationship between residential spatial form and energy use
in an urban inventory, providing the groundwork for future green
restoration of urban stock space. According to the results of an
empirical study, there is a sizable window of opportunity for
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green financing in the rehabilitation and enhancement of existing
urban residential neighborhoods. Residents’ carbon emissions,
which account for a sizable portion of society’s overall carbon
emissions, can be significantly reduced by modernizing the city’s
current built environment. There is an urgent need to conduct a
comprehensive assessment of the potential for transforming
existing residential communities and developing green finance for
cities and towns located in areas with less comfortable
climate zones.

By doing so, this paper complements existing research in three
ways: theoretical, methodological and policy recommendations.
First, the paper develops a link between green finance, sustainable
development and evidence-based theories. Second, it provides a
research methodology for the evidence-based green carbon
reduction of urban inventory space based on spatial patterns and
an indicator evaluation system. Third, it provides feasible and
operational solutions and policy recommendations for urban
decision-makers based on the synthesis of theoretical and prac-
tical experiences in the urban economy, politics, and spatial
patterns with evidence-based theories.

This study is structured as follows: in the following section, we
review the theoretical insights drawn from the literature on urban
inventory and green renewal, evidence-based decision-making,
and evidence-based methodologies for urban inventory renewal.
The third section identifies and describes the dataset and meth-
odology and outlines the empirical analysis framework. Next, we
present the empirical analysis results and discuss significant
findings. The final section includes a discussion of the implica-
tions of the findings for future research on the green renewal of
urban inventory.

Literature review

Primacy of “Green Finance” in carbon reduction and support
for urban renewal. Green finance, as a direct and indirect ele-
ment related to various SDGs, is a prominent initiative to reduce
carbon emissions and their negative health impacts, develop
climate-resilient infrastructure for cities and ensure environ-
mental sustainability (Sachs et al, 2019; Taghizadeh-Hesary,
Yoshino (2019)). It is usually defined as “financing of investments
that provide environmental benefits” or “local, national or
transnational financing-drawn from public, private and alter-
native sources of financing-that seeks to support mitigation and
adaptation actions that will address climate change” (Interna-
tional Finance Corporation IFC (2016)). More attention has been
increasingly devotedin the current research to its strong asso-
ciation with policy (Zhang, 2018).

Recent studies on green finance have gathered moreconcerns
in understanding carbon reduction and support for urban
renewal. Through the process of economic-environmental
interactions, studies have examined environmental and urban
sustainability as a pivotal principle of green finance and have
shown that technological innovation is a crucial growth point in
this process (Xie et al., 2022; Cheng et al.,, (2023); Sun et al,,
2023). Renewable energy and energy transition have emerged as
key players in promoting green finance. Renewable energy in
green finance can support the reduction of new carbon
emissions; for instance, renewable energy has a positive impact
on the ecological footprint (Ulucak, Khan (2020); Nathaniel
et al, 2020). Scholars have responded to this theme using a
multitude of methods, such as using panel data, using the
generalized method of moment (GMM) estimation, quarterly
frequency time series data, heterogeneous econometric models,
etc. (Khan et al,, 2018; Wang et al., 2021; Akadiri et al., 2022;
Ali et al.,, 2022), to provide specific approaches to measuring
green finance.

Dilanchiev et al. (2023) noted that the common theme of
preexisting studies is investigating the relationship between
renewable energy and urbanization and the impact of this
relationship on environmental outcomes such as greenhouse gas
emissions, energy intensity, ecological footprint and pollution.
Based on this, they developed a scale to identify the link between
renewable energy, carbon emissions, urbanization and economic
growth in 12 developing countries using a dynamic panel data
approach. This reinforces the link between carbon reduction and
related effects and green economic growth, which in turn guides
green finance.

Studies have established the link between green finance and
sustainable urban development through a range of approaches,
but there is still a gap and a room for further improvement. The
first is scale. Studies linking green finance and urban carbon
reduction have been mostly focusing on the regional or municipal
level, and hence there is room for further development of studies
at a more granular level, especially in urban centres as areas with
concentrated carbon emissions. The second is methodology.
There are fewer studies that analyse carbon emission reductions
in graphical form or by combining various econometric methods
as a source of evidence (a small number of studies, e.g., Ali et al,,
2023). The third is that interdisciplinary studies are still rare.
Urban research is comprehensive, with studies scattered in
economics, environmental governance, pollutant treatment, etc.,
but there are fewer studies that propose an integrative research
framework from a macro perspective; such an integrative research
framework can be used to synthesize the economic, political, and
spatial patterns of cities, especially the linkages between the
political systems of Asian countries, green finance, and urban
sustainability. This is unfortunate with respect to the contribution
of green finance to urban development. A few innovative studies
focus on the impact of institutions on green finance, such as
examining renewable energy from the perspectives of value
orientation, utilitarian benefits, and collectivism, and describing
the important role of political systems and policies on economic
recovery from a macro perspective (Liu et al.,, 2022; Asif et al,,
2023) and providing proven policy recommendations, and
innovative directions for interdisciplinary research. Evidence-
based policy-making, as a cutting-edge field of green finance and
spatial renewal of inventory, helps to unify the above issues.

Urban inventory and green renewal as a cutting-edge direction.
Urban regeneration based primarily on social or economic ben-
efits is not a new problem, as was previously indicated, but it has
received much academic discussion (Roberts, Sykes (1999)).
However, over the last two decades, the significant urban carbon
emissions and the pressing climate change pressure have served
as a reminder of the healing potential of urban green renewal for
the entire human society. Since well before the COVID-19 out-
break, various European research initiatives have focused on
encouraging a more sustainable way of living, particularly in
urban areas (Sessa et al., 2022). In an effort to generally enhance
sustainable urban living circumstances, these projects (e.g.,
Dortmund in Germany, Turin in Italy, and Zagreb in Croatia) use
natural solutions to address core environmental concerns (Kim
et al,, 2020). To increase wellbeing and map out a route towards a
more sustainable socioeconomic system, they bring together cities
via the topic of green urbanism (Beatley, 2012; Rodriguez-Rey
et al., 2022).

It is important to include the green renewal concept in urban
inventory planning. Research has increasingly focused on green
renewal applications at small units and scales, such as energy
consumption analysis in multiunit settlement planning (Dujardin
et al,, (2014); Fichera et al.,, 2016; Zhang et al., 2023), GIS-based
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subdivision of unit planning or neighborhood planning energy
consumption (Camporeale and Mercader-Moyano, 2021; Zhang
et al,, 2022), parsing green renewal and other strategies at multiple
meso-micro levels, such as planning units, control plans, neighbor-
hoods and communities (Pérez et al., 2018; Guo et al., 2023), and
strategies for sustainable urban renewal decision-making at the
neighborhood level (Huang et al., 2020; Guo et al., 2023).

Only a small number of these studies have provided cutting-
edge analysis of green renewal approaches in inventory spaces
(Guo et al, 2023), and they still pay less attention to green
renewal and scientific evidence implications. A great deal of
original, exploratory work is still needed around green renewal-
oriented planning decisions. Furthermore, in practical terms, the
literature acknowledges the existence of a decision-research-
practice disconnect in green-oriented planning (Farooq et al,
2022) and the need for scientific means to address this issue. This
leads us to evidence-based theory and evidence-based planning.

Evidence-based decision-making and evidence-based planning
as an intensely debated topic. The importance of “Evidence-
based Policy-making” has been intensely debated in recent years,
with the idea that policy development, change and implementa-
tion should be based on ‘evidence from scientific data analysis
(Cairney, 2016; Alagna, 2022). “Evidence-based” ideology origi-
nated in the UK in the 1990s. As evidence-based medicine
(Sackett et al., 1996) developed, it gradually expanded into social
sciences such as social policy, psychology, education and justice.
“Evidence-based policy-making” was introduced in the UK in
1999, with the expectation that there would be more new
thinking, more active questioning of traditional ways of doing
things, better use of evidence and research in policy-making, and
more focus on policies that would have a long-term impact. To
address macro- to microl-level issues such as policy complexity,
irrational decision-making, innovation by decision-makers, and
subject diversity, evidence-based approaches have been gradually
developing as a theory and method of policy decision-making for
the scientific formulation of public policy in various countries,
and there has been a trend to use the theory for policy decision-
making. The research tradition of evidence-based policy-making
in academia can be broadly divided into four categories: first,
research on evidence-based policy-making theory from different
fields or at different levels (Head, 2010; Oliver & Cairney, 2019).
Second, there are methodological inquiries into evidence-based
decision-making and empirical research in specific domains
(Triantafillou, 2015; Fleming and Rhodes, 2018; Hawkins and
Alvarez Rosete, 2019; Mills et al., 2022), among others. Third is
the role of experts being specific ‘evidence holders’ as actors in
evidence-based decision-making (Synnot et al., 2018; Andrews
et al., 2020; Christensen, 2021; Pistone et al., 2022). The fourth is
“systematic research methods to judge the validity of evidence in
evidence-based decision-making” (Christensen, 2018; Stewart
et al., 2020).

In the field of urban planning, early research focused on
evidence-based perspectives in planning, where a range of
evidence (data and information) is collected and used in the
planning process, and emphasized more pragmatically rather
than adopting ideological forms of governance (Davoudi, 2006;
Faludi and Waterhout, 2006). Scholars have used theory to
examine the basic principles of evidence-based planning decisions
(Forsyth et al., 2017; Johansson, 2019) and used quantitative
methods to calculate (Valcarcel-Aguiar et al., 2022) or combine
such methods with GIS-related visualization methods to generate
evidence indicators for planning decisions (Hammond et al,
2021); moreover the use of integrative evidence and knowledge in
local planning has emerged (Tobah et al., 2019; Kraaz et al., 2022;
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Willetts et al., 2022), with all these methods corroborating the
enormous scope and research value of evidence-based applica-
tions in planning decision-making.

Evidence-based methods are a promising approach with a large
number of applications in other fields, and there is scope for
further research in planning. Evidence-based theory can provide a
method for planning studies to assess the effects of green growth.

New interdisciplinary evidence-based methodologies for urban
inventory space renewal green sustainability. Academics have
focused on evidence-based green and low carbon planning deci-
sions in recent years, and academic research on green and low
carbon planning is expanding from a technical approach to a
‘technology-policy combination’. There is a long-standing dis-
cussion of the sources of evidence for green planning, where the
quality of urban green spaces is investigated based on expertize of
various attributes and characteristics of beauty (Clark, 1968;
Nilsson, 1988), such as the Scenic Beauty Estimation Method,
which focuses on whether public or expert knowledge constitutes
“scientific evidence”, which in turn influences green low-carbon
planning (Chen et al.,, 2019), and discursive discussions following
artistic practice or following scientific evidence (Moosavi, Browne
(2021)). Recent academic research has identified the need to
define ‘evidence’ for the implementation of green low carbon
planning, particularly the advantages of applying this perspective
in areas where the urban built environment is largely complete
(Matthews et al., 2015; McWilliam et al., 2015; Johns, 2019; Jer-
ome et al., 2019; Nilsson et al., 2019), and a qualitative inductive
approach to develop ‘comprehensive sources of evidence’ fra-
meworks to help planning practitioners (Xiang et al., 2022; Fearn,
2022; Mofrad et al., 2022); moreover, quantitative approaches to
framing and proposing responses (Reed et al., 2017; Gerlak et al,,
(2021); Guo & Yuan, 2022), integrating qualitative and quanti-
tative foundations using different experimental designs (Stoltz &
Grahn, 2021), or generating evidence-based conditions with
affective semantics, discourse analysis and machine learning
methods are established (Guo et al., 2022; Wang et al., 2022).

Research has shown that links between evidence-based urban
inventory planning and green planning have been established, and
directions for exploration at the meso-micro level have been
recognized, but systematic analysis is rare due to the research-to-
practice gap. In addition, evidence-based inventory planning
decisions require specific technical approaches. For instance, based
on the understanding that “inefficient urban land redevelopment is
an inevitable option for sustainable urban transformation”, Han
et al. (2022) develop a framework for assessing the spatial
redevelopment potential that includes four dimensions: benefit,
cost, supply, and expectation of redevelopment, while incorporating
stakeholder needs into the framework. The study developed a
multiscale redevelopment classification system using GIS and
landscape index analysis, which have the advantage of being
comprehensive in terms of decision dimensions and scales.

However, exploring the inclusion of a morphological approach
in indicator assessment systems at the city scale is still rarely
found. The logical basis for proposing mechanisms to optimize
“how scientific evidence can better influence urban inventory
green renewal planning decisions” is thin, and there is still a lack
of exploration of frontier areas and the generation of an
integrated and replicable research framework based on an
interdisciplinary context.

Data and methodology

Data. When selecting empirical research objects, we first focus on
the hot summer and cold winter (HSCW) zone among China’s
building climate zones (Xu et al., 2013), which mainly covers the
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Fig. 1 The sampled districts, counties, and county-level cities in China.

middle and lower reaches of the Yangtze River. Literally, the main
border of the HSCW zone is hot, humid summers and cold,
humid winters. More importantly, there is basically no central
heating or central cooling in the cities of the HSCW zone.
Whether in summer or in winter, residents can only use house-
hold air conditioners for cooling or heating. In such cases, the
total electricity consumption of residents is sufficient to char-
acterize their energy consumption and carbon emissions. Within
the HSCW zone, we screened the official statistical data of resi-
dents’ daily electricity consumption in each city one by one and
ultimately selected 36 districts, counties, and county-level cities as
the research regions (Fig. 1). It should be noted that the resi-
dential energy consumption data we use are not the whole elec-
tricity consumption of the entire city (including industry-used
electricity) but only the electricity consumption for residents’
daily lives. In addition, because these districts, counties, and
county-level cities are all located in the same climate zone and are
close to each other, this study ignored the climate micro differ-
ences in these sample areas to simplify the research content.

In terms of basic datasets on the spatial form of residential
communities, this study used the digital map database of China
from Baidu Map and AMAP, which are similar to Google Map and
Open Street Map (Sun et al., 2021). As of July 2022, a total of over
300,000 residential building contour data and AOI (Area of
Interest) data were collected from the 36 sampled districts. In terms
of measuring energy consumption, this study uses urban residential
electricity consumption as residential energy consumption data, as
electricity is the main form of energy for residential life in the
HSCW zone. The data are sourced from statistical yearbooks of
relevant Chinese cities. In addition, previous studies have shown
that socioeconomic indicators such as the per capita disposable
income of residents are also important factors affecting residential
energy consumption, and hence are included in this study.

Methodology. We proposed a list of indicators to fully grasp the
morphological characteristics of residential buildings and

communities. As shown in Table 1, 7 indicators are divided into
two groups: indicators at the building level and those at the
microdistrict level. The five indicators of the building level include
contour width, depth, height, aspect ratio, and shape coefficient. In
general, residential buildings with excessive depth might have poor
lighting effects and could force residents to use electricity to sup-
plement lighting, which can increase energy usage. Residential
buildings’ width and height can also have an impact on the
microclimate and ventilation effect inside the residential area,
which in turn affects residents’ energy consumption. The aspect
ratio and shape coefficient are generated based on the above three
parameters and are crucial parameters for analysing the shape
characteristics of buildings. Numerous studies have shown how
these factors significantly affect how much energy a building uses
(Catalina et al., 2008; Lin et al., 2015). For the microdistrict level,
we included the plot floor area ratio (FAR) and building density.
Properly increasing density can aid in achieving sustainable goals
(for example, the ideal of “sustainability-as-density” in North
America), but excessively congested areas can result in a con-
siderable need for air conditioning (for example, space congestion
in high-density East Asian cities), necessitating careful considera-
tion (Noah et al,, 2012; Guo et al., 2023). The calculation for each
morphological indicator is given in Table 1.

Before conducting indicator calculations, preliminary cleaning
of the digital map database is necessary. Microdistrict AOI data
were used to filter out residential building contours from building
contour data. Based on residential building contour vector data,
this study conducted rectangular processing on residential
building data to facilitate the calculation of contour width (Wc)
and depth (D). According to China’s regulations, such as the Code
for Design of Civil Buildings, data with floors and areas that do not
comply with residential building standards, as well as data
containing empty values, will be deleted. After the indicator
calculation is completed, the data on the continuous expansion of
aspect width, depth, and aspect ratio that are unreasonable will be
deleted, ultimately obtaining more accurate residential building
form indicator data.
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Table 1 Morphological indicators at the building level and community level.

Shape coefficient

(S0
Microdistrict level Plot Floor Area L
FAR = WexDxh)/A
Ratio (FAR) Ea(k)( cxDxh)/A

Built-up Density

BD = 3°(W, % D) /A
(BD) 3 (WeD)/Ac

Level Indicators Calculation Source of data
(symbols)
Building level Contour width Abstract the exterior outline of each residential building into a The digital map database.
(Wo) minimum bounding rectangle (R), with the long side of the rectangle
being the Contour width (W,).
Depth (D) Depth (D) of each residential building is the short side of the The digital map database.
minimum bounding rectangle (R).
Height (H) H=h*S, The building story (h) is sourced from
the digital map database. The average
story height (Sp) is defined as 3
meters.
Aspect ratio (A)  Ar= W,./D The digital map database.

Sc=Q2*xW.xH+2+DxH+ W, xD)/(W.*DxH)

A, refers to the plot area of the whole microdistrict; n refers to the
number of residential buildings of each microdistrict.

The digital map database.

The digital map database.

The digital map database.

We use multiple linear regression analysis to study the impact
of different residential building form indicators on household
energy consumption. Multiple linear regression analysis is a
regression analysis based on the given values of multiple
explanatory variables. It is a method of studying the linear
relationship between a dependent variable and multiple indepen-
dent variables.

Results and discussion
Morphological characteristics. Based on clarifying the dataset
and research methods, this study takes Nantong city, Jiangsu
Province, as an example to introduce the morphological char-
acteristics and differences of urban residential space forms in
different parts of each city. Specifically, a comparative study will
be conducted using Chongchuan District and Tongzhou District
of Nantong City as representative areas. The building level indi-
cators, namely, building height (H), contour width (Wc), depth
(D), aspect ratio (A,), and shape coefficient (S.), will be analysed
one by one. Then, different types of residential buildings in the
two districts will be identified for their morphological char-
acteristics to characterize the morphological characteristics of
residential buildings in the central urban area (Chongchuan
District) and the surrounding urban area (Tongzhou District).
By comparing these two typical districts, it is observed that
there may be significant differences in the form of residential
space across different areas of the same city, which helps explain
the significant differences in residential energy consumption
between Tongzhou and Chongchuan.

Building height (H). Referring to China’s Code for Design of Civil
Buildings, Code for Fire Protection Design of Tall Buildings, and
Residential Building Code, residential buildings are divided into
four height groups: low rise (3 floors and below), multirise (4-6
floors), medium high rise (7-11 floors), and high rise (12 floors
and above). As shown in Table 2, both Chongchuan District and
Tongzhou District exhibit building height characteristics mainly
consisting of high-rise and multistory residential buildings.
Among them, although the proportion of low-rise and medium-
to high-rise residential buildings in Chongchuan District is rela-
tively small, they still have a certain scale. In Tongzhou District,
there are no mid- to high-rise residential buildings, and the
number of low-rise residential buildings only accounts for 0.5%
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(7 buildings). Due to the early construction of the central urban
area, the new residential area includes the old area. The old areas
are mainly low-rise residential buildings, mostly located in the
centre of the urban area, and have historical and cultural value.
The construction of the outer walled area was relatively late, and
the new area was transformed from suburbs or old towns, with a
relatively mature planning concept, presenting the urban
appearance of a modern new city. Therefore, the central urban
area represented by Chongchuan District has various types of
residential buildings with varying heights, such as low-rise,
multistory, medium- to high-rise, and high-rise buildings, pre-
senting diversity and disorder. The peripheral urban areas, mainly
in Tongzhou District, only have multistory and high-rise resi-
dential buildings, with very few low-rise and medium- to high-
rise buildings, presenting uniformity of microdistrict.

Contour width (W.) and depth (D). Based on the height analysis
of residential buildings, this article summarizes the characteristics
of the continuous width and depth of different height types of
residential buildings in Chongchuan District and Tongzhou
District of Nantong City. As shown in Figs. 2 and 3, various types
of scattered points have good clustering near the mean point, and
the standard deviation is small, and thus it can better reflect the
overall architectural characteristics. According to Table 3, the
four height types of residential buildings in Chongchuan District
exhibit morphological characteristics of “small depth, large con-
tinuous expansion surface width” (Fig. 2a), “small depth, small
continuous expansion surface width” (Fig. 2b), “large depth, small
continuous expansion surface width” (Fig. 2c), and “large depth,
large continuous expansion surface width” (Fig. 2d). The mul-
tistory and high-rise residential buildings in Tongzhou District
exhibit the morphological characteristics of “small depth, small
continuous expansion surface width” (Fig. 3b) and “large depth,
large continuous expansion surface width” (Fig. 3d), which is
similar to the corresponding height type of residential buildings
in Chongchuan District. The average depth of multistory resi-
dential buildings in Tongzhou District is 1.75 m larger than that
in Chongchuan District, and the average continuous width of
high-rise residential buildings is 3.03m larger than that in
Chongchuan District. This indicates that multistory buildings
in Chongchuan District are flatter and more elongated than those
in Tongzhou District, while high-rise buildings in Tongzhou
District are flatter and more elongated than those in Chongchuan
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Building height group

Number of residential building

Table 2 The height, contour width and depth of residential buildings in Chongchuan and Tongzhou, Nantong city.

Average contour width (Standard

Average depth (Standard

(percentage) deviation) deviation)
Chongchuan Tongzhou Chongchuan Tongzhou Chongchuan Tongzhou
Low rise (3 floors and below) 451 (4.1%) 7 (0.5%) 58.16 (19.68) -- 15.23 (2.88) --
Multi rise (4-6 floors) 3055 (27.6%) 316 (20.3%) 30.87 (16.29) 30.05 (13.94) 13.09 (4.57) 14.84 (3.26)
Medium high rise (7-11 floors) 496 (4.5%) -- 34.38 (18.43) -- 15.67 (3.77) --
High rise (12 floors and above) 7086 (63.8%) 1231 (79.2%) 51.09 (17.51) 5412 (17.68) 15.47 (2.75) 15.81 (2.11)
30 30
(a) Low rise (b) Multi rise
25 25
20 20
15 - 15 -
10 - 10
5 - 5 -
A Avg :(58.162,15.226), Std. : (19. 677,3.57) ® Avg :(30.867,13.088), Std. : (16. 286, 4.57)
0 T T T T 0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
30 30
(c) Medium high rise (d) High rise
25 25
20 20
=
15 15 o
o
(=]
10 10
5 - 5 -
V  Avg. :(34.381,15.666), Std. : (18. 438, 3. 77) B Avg :(51.093,15.473), Std. : (17.513,2.76)
0 T T T T 0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100

Contour width (meter)

Fig. 2 The contour width and depth of residential building in Chongchuan District, Nantong City. a-d lllustrate the scatter diagrams of low rise buildings,

multi-rise, medium high rise, and high rise buildings separately.

District. According to the standard deviation, the difference in the
width of the continuous expansion surface between Chongchuan
District and Tongzhou District is stronger than the difference in
the depth.

Aspect ratio (A;) and shape coefficient (S.). In addition to basic
residential building form indicators such as height, continuous
width, and depth, the aspect ratio and shape coefficient are
important indicators for characterizing building form. From
Fig. 4, it can be seen that the aspect width to depth ratio in both
areas is distributed in a bimodal pattern. The peak values in
Chongchuan District are approximately 1.25 and 3.55 (Fig. 4a),
with peak ranges of [1.0,2.1] and (2.1,4.6], accounting for
26.42% and 60.38%, respectively. The peak values in Tongzhou
District are approximately 1.55 and 3.65 (Fig. 4b), with peak
ranges of [1.0,2.2] and (2.2,4.4), accounting for 26.76% and
55.38%, respectively. It is evident that both areas exhibit a
moderate aspect width to depth ratio (A, € (2.2,4.6)) for resi-
dential buildings. The distribution characteristics of residential
buildings with a small aspect width to depth ratio (A, €
[1.0,2.2]) are more common, while residential buildings with a
large aspect width to depth ratio (A, € (4.6,8)) are less common.
The body shape coefficients of both regions are distributed in a
single peak shape, with a peak value of approximately 0.20 and a

peak range of [0.10, 0.23]. The difference is that the peak range
data of the body shape coefficient in Tongzhou District account
for 75.38%, while Chongchuan District only accounts for
58.49%. The body shape coefficient still accounts for a certain
scale (27.46% and 14.05%) in the two larger ranges (0.23,0.32%
and (0.33,0.50). Both Chongchuan District and Tongzhou
District are mainly residential buildings with small body shape
coefficients, but there are many residential buildings with large
body shape coefficients in Chongchuan District.

From the perspective of scatter distribution, the shape
coefficient and aspect width to depth ratio of the two areas show
a roughly negative correlation. The larger the aspect width to
depth ratio of the building, the smaller the shape coefficient, that
is, the longer the residential building, the less concave and convex
its surface, and the closer it is to a simple rectangle.

Based on the above analysis of the indicators of the building
level, we conduct feature recognition on residential buildings in
Chongchuan District and Tongzhou District, Nantong city.

(1) The low-rise residential buildings demonstrate a large
average contour width and a small average depth, and the
layout of residential units basically follows the same pattern.
Most of them are connected by parallel combinations of low

elevator households (Fig. 5a, b). This kind of residential
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Fig. 3 The contour width and depth of residential building in Tongzhou District, Nantong City. a-d lllustrate the scatter diagrams of low-rise buildings,
multi-rise, medium high rise, and high rise buildings separately.

Table 3 The variables for multiple linear regression analysis.

Variables

Notation Source of data

Dependent variable Electricity consumption per residential E Statistical yearbook of Chinese
building area cities
Independent variable Economic indicator Per Capita disposable income | Statistical yearbook of Chinese
cities.
Morphological indicator of building Building height H The digital map database
level Aspect ratio A, The digital map database
Shape coefficient Se The digital map database
Morphological indicator of Plot FAR FAR The digital map database

microdistrict level

Built-up Density

The digital map database

@)

(©)

4

microdistrict shows a large average aspect ratio and a larger
average shape coefficient but a small average plot FAR.

In contrast, the multirise residential buildings present both
small contour widths and small depths, as well as diverse
layout patterns. There are single-family layouts with one
elevator, one household, and two elevators, two households
(Fig. 5¢), as well as parallel combinations of two elevators,
four households, or two elevators, six households (Fig. 5a,
b). Single-family residential buildings have a smaller
average aspect ratio, a larger average shape coefficient,
and a higher average plot FAR. The aspect ratios of parallel
residential buildings are moderate, and the shape coeffi-
cients are small. The average plot FAR of Chongchuan
District is lower, while that of Tongzhou District is higher.
The medium high-rise residential buildings show a small
average contour width but a large depth, mostly displaying
a triangle-shaped layout (Fig. 5d, e). This type of residential
community demonstrates a small average aspect ratio and a
small average shape coefficient but a high average plot FAR.
The high-rise buildings show a large average contour width
and depth, and most of them present a parallel layout

(Fig. 5a, b). This kind of residential pattern has a moderate
average aspect ratio, a low average shape coefficient, and a
high average plot FAR.

Mechanism of energy consumption. This article uses multiple
linear regression analysis to explore the impact of different forms
of indicators on energy consumption at the building and com-
munity levels. Electricity consumption per unit area is selected as
the dependent variable, and indicators such as spatial form and
per capita disposable income are used as explanatory variables,
namely, independent variables. To ensure the correctness of the
analysis results, a collinearity test was carried out to eliminate
obvious collinearity indicators (VIF > 10), such as the width of the
continuous development surface, depth, and area perimeter ratio,
and the final regression variables are summarized in Table 3.
The results of multiple linear regression analysis are shown in
Table 4, and the final coefficient of determination (R-squared)
and adjusted R-squared are both 0.139, indicating that the fitting
performance is good. The F test is a significance test of the
regression equation. The larger the F value, the greater the
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Fig. 4 Comparison of aspect ratio and shape coefficient of residential buildings in Chongchuan District and Tongzhou District, Nantong City.
a, b lllustrate the aspect ratio and shape coefficient of residential buildings of Chongchuan District and Tongzhou District separately.

(a) (b)

|

(c)

(% Public staircase space

Dwelling units

(d) (e)

Fig. 5 Typical layout of residential buildings. a-e lllustrate five typical layout of residential buildings separately.

Table 4 The results of multiple linear regression analysis.
Model Unstandardized coefficients Standardized coefficients t Sig.
B Std. Error Beta

Constant 17.890 0.298 —60.092 0.000
Per Capita Disposable Income (/) 0.000 0.000 0.326 158.430 0.000
Building height (H) 0.002 0.004 0.001 0.413 0.680
Aspect ratio (A,) 1.383 0.022 0.136 61.810 0.000
Shape coefficient (S¢) 8.189 0.613 0.035 13.365 0.000
Plot FAR —0.458 0.010 -017 —46.214 0.000
Built-up Density (BD) —11.450 0.307 —0.083 —37.327 0.000

difference, and the more statistically significant the regression
equation. The significance of this model is less than 0.01, and the
F value is large, indicating that the model is very significant.
According to the regression coefficients and significance tests of
each indicator (Table 4):

(1) The significance of the building height is higher than 0.05,
indicating that the impact of building height on energy
consumption is not significant enough. In comparison, the

)

significance of other indicators is less than 0.05, with strong
significance.

At the building level, the aspect ratio and shape coefficient
are positively correlated with the energy (electricity)
consumption per residential building area. The regression
coefficient (Beta) of the aspect ratio is greater than that of
the shape coefficient, indicating that the larger the aspect
ratio or shape coefficient is, the higher the energy
consumption of residential buildings. More importantly,
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the aspect ratio of residential buildings has a greater impact
on energy consumption than the shape coefficient.

(3) At the microdistrict level, the plot FAR and building density
are negatively correlated with electricity consumption per
unit area. The regression coefficient (Beta) of the plot FAR
is smaller than that of the building density, indicating that
the higher the community plot ratio or building density is,
the lower the energy consumption of residential buildings,
and the impact of plot ratio on energy consumption is
greater than that of building density.

(4) Overall, per capita disposable income, aspect ratio, and plot
ratio have a significant impact on building energy
consumption.

The final regression model is:

E=-17.890+0.326 1+ 0.136 A,+0.035 S, - 0.117 FAR -
0.083 BD

Overall, the results verify the spatial differences in residential
communities in different urban districts. From the significance of
the regression results, the impact of building height on residential
energy consumption is not significant, while other spatial form
indicators show good significance. From the perspective of
regression normalization coefficients, different morphological
parameters demonstrate different impacts on residential energy
consumption. Referring to the Design Standard for Energy
Efficiency of Residential Buildings in Severe Cold and Cold Zones
of China, the shape coefficient is directly related to building energy
consumption, and the energy consumption of residential buildings
increases with the increase in the shape coefficient. This study
found through regression analysis that the shape coefficient of
residential buildings in the HSCW zone is positively correlated with
energy consumption, proving that reducing the shape coefficient is
an important way to reduce building energy consumption.

However, we also found that the impact of the aspect ratio on
energy consumption is much greater than that of the body shape
coefficient. The larger the aspect ratio is, the greater the energy
consumption. In areas with hot summers and cold winters, the
planning, design, and renovation of residential areas need to pay
attention to controlling the aspect width to depth ratio. On the
one hand, it is necessary to avoid excessive combination or
connection of residential buildings resulting in excessive
continuous expansion of aspect width. On the other hand, it is
possible to explore increasing the depth of residential buildings
appropriately to reduce the aspect width to depth ratio. In
addition, the designer should optimize the composite pattern of
the house type and maintain a reasonable aspect depth ratio while
having complete functions. Finally, there is a negative correlation
between community-level indicators and energy consumption,
and the impact of building-level indicators on energy consump-
tion is relatively close. The larger the plot FAR is, the higher the
building density and the lower the energy consumption of
residential buildings. However, excessive plot FAR and building
density can reduce living comfort, requiring design solutions to
achieve a balance between comfort and energy efficiency.

These empirical research findings show that there is a
significant opportunity for green financing in the renovation
and improvement of existing urban residential areas. On the one
hand, it has been established that renovating the city’s current
built environment can effectively reduce residents’ carbon
emissions, which make up a sizeable amount of society’s total
carbon emissions. According to the notion of green finance,
financial investments are made in the repair of urban built
environments. On the other hand, the reduced carbon emissions
from urban renewal can be transformed into capital through the
carbon emissions trading market, fostering a positive flow of
money in urban renewal investment and financing.

10

Conclusions and policy recommendations

Since cities are the primary contributors to carbon emissions,
creating green and low-carbon cities should be a major focus
of efforts to combat climate change (UN habitat, 2022). Over
half of the world’s population now lives in urban areas,
making green urban stock space renewal the primary goal for
achieving low-carbon development goals. Generally, one of the
biggest obstacles to urban renewal efforts is a lack of funding
(Samara, 2010). However, as green and low-carbon urban
development and construction become the primary objectives,
the effect of carbon emission reduction has emerged as a
significant source of “green finance” supporting the urban
renewal process.

This study organized the spatial forms of residential commu-
nities in 36 regions of China from the standpoint of evidence-
based theory, summarized the spatial forms of residential spaces
in various regions from a morphological perspective, extracted a
number of indicators at the level of residential buildings and
residential communities, and confirmed the spatial differences of
residential communities in various urban areas. According to the
results, residential space design has a major influence on how
much energy is used by urban residents, and enhancing resi-
dential space form can significantly lower carbon emissions from
urban residents. It can encourage a positive cycle of capital flow
and further optimize and improve the urban built-up space, as is
typical of green financing. Therefore, we call on all cities and
towns, especially those located in areas with less comfortable
climate zones, to conduct a comprehensive assessment of the
potential for transforming existing residential communities and
developing green finance. By proposing targeted “green finance
generation policies based on spatial renewal”, the green and
sustainable transformation of these urbanization areas could be
accelerated.

Several limitations with respect to these results need to be
acknowledged. The digital map database from Baidu Map and
AMAP accounts for only a limited share of all residential
communities on the Chinese mainland (Shao et al., 2021). The
proportion of newly constructed buildings may be higher than
that in the real world. Another source of uncertainty is our
ignorance of climate micro differences between the 36 districts
in mainland China. The lack of a rigorous check of the
microclimates of intercity flows means that the study findings
need to be interpreted cautiously. Notwithstanding these lim-
itations, the study offers some insight into the energy con-
sumption and carbon emission mechanism of urban residential
districts.

Overall, the research in this article is still a macro, top-down
argument and analysis, and numerous data issues raise doubts
about the validity of some of its conclusions. To further support
the potential of residential spaces to provide sustainable green
finance, we believe that conducting field investigations on
representative urban built-up areas and using vivid and authentic
real-life cases can support the research conclusions from a
bottom-up perspective. The most significant source of inspiration
for this study came from looking at green city plans from the
perspectives of architectural and urban design.

Data availability

The data that support the findings of this study are available from
Baidu and AMAP but restrictions apply to the availability of these
data, which were used under licence for the current study, and so
are not publicly available. Data are however available from the
authors upon reasonable request and with permission of Baidu
and AMAP.
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