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Abstract: Systematically predicting carbon emissions in the building sector is crucial for formulating
effective policies and plans. However, the timing and potential peak emissions from urban buildings
remain unclear. This research integrates socio-economic, urban planning, building technology, and
energy consumption factors to develop a LEAP-SD model using Shenzhen as a case study. The model
considers the interrelationship between socio-economic development and energy consumption,
providing more realistic scenario simulations to predict changes in carbon emissions within the urban
building sector. The study investigates potential emission peaks and peak times of buildings under
different population and building area development scenarios. The results indicate that achieving
carbon peaking by 2030 is challenging under a business as usual (BAU) scenario. However, a 10%
greater reduction in energy intensity compared to BAU could result in peaking around 2030. The
simulation analysis highlights the significant impact of factors such as population growth rate, per
capita residential building area, and energy consumption per unit building area and the need for
a comprehensive analysis. It provides more realistic scenario simulations that not only enhance
theories and models for predicting carbon emissions but also offer valuable insights for policymakers
in establishing effective reduction targets and strategies.

Keywords: urban building sector; carbon emission peak; dynamic scenery simulation; SD-LEAP
model; Shenzhen; process-based life cycle assessment (LCA)

1. Introduction

According to scientific studies, carbon dioxide (CO;) emissions are the primary cause
of climate change. To address this global challenge, the Chinese government has set a
goal to achieve the carbon peak by 2030 and carbon neutrality by 2060 (the “dual carbon”
strategic objectives).

The building sector plays a critical role in meeting these climate objectives, accounting
for about 40% of global carbon emissions [1]. In China, the entire life cycle of the building
sector contributes to around 51% of the nation’s total annual carbon emissions, which
escalated from around 1 billion tCO, (tons of CO5) to 5.08 billion tCO, between 2000 and
2020 [2]. Cities, as the hub of human activity and existence, consume 75% of the world’s
energy and are responsible for 80% of global GHG emissions [3], playing a crucial role in
meeting the “dual carbon” strategic objectives [4,5]. As the industry continues to grow
and people’s living standards improve, the city-scale building sector carbon emissions are
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expected to increase. Therefore, it is imperative to implement strategies aimed at reducing
carbon emissions within the building sector, starting with carbon emission accounting
and forecasting.

Numerous studies have delved into carbon emission accounting at various levels such
as regional [6-8], national [9-11], and global [12-14]. This study analyzed the existing liter-
ature and summarized the research deficiencies from three perspectives: carbon emission
accounting boundaries, emission influencing factors analysis, and prediction methods.

In terms of carbon emission accounting boundaries, research has examined the carbon
emission mitigation impact in residential buildings using household-scale data [15,16],
as well as quantifying carbon emissions in regional public building sector use end-use
data [17-19]. However, previous studies have predominantly focused on the operational
stage of the buildings, with little consideration given to the entire life cycle, i.e., the
production and materialization, demonstration, and recycling stages. There is a growing
interest in investigating whole life cycle emissions [20,21] and the embodied carbon [22,23]
in the building sector.

In terms of carbon emission influencing factors analysis and prediction methods, they
are divided into static and dynamic research methods. For the static research method, top-
down models such as the logarithmic mean Divisia index (LMDI) [24], the environmental
Kuznets curve (EKC) model [25,26], the input output table [27], or the IPAT model [11]
and its extended model the STIRPAT model [28] have been adopt as the main approaches
to explore the driving factors affecting regional CO, emissions and quantify regional
carbon emissions. The static model has mature technology, diverse forms, and no residual
decomposition and has strong explanatory power for the factors driving the change in
carbon emissions [29,30].

For dynamic research methods, bottom-up models such as the Long-Range Energy
Alternatives Planning System (LEAP) model [31], the building embodied carbon emis-
sions mode [22], and system dynamics models that establish causal loops and feedback
chains among various departments have been introduced into carbon emission governance
research [32,33].

Researchers have carried out various studies to analyze the influencing factors and
simulate the carbon emissions, but only little attention has been paid to the interrela-
tionships between the energy production and energy utilization [34] and between the
different systems that affect carbon emissions [19]. Current research in the field lacks a
multidimensional analysis that considers the urban social economy, development planning
characteristics, and regional conditions and their impact on carbon emissions. Furthermore,
there is a need for more realistic scenario simulations that examine the combined effects of
future socio-economic development and energy consumption to comprehensively predict
changes in carbon emissions within the urban building sector [35,36].

Recently, the integrated dynamic emission assessment model, which combines SD
and the LEAP model, is increasingly recognized as a valuable approach to simulate carbon
emission peaks for uncertainties. This approach effectively models the interconnectedness
and interactions among environmental, energy economies, and social systems [30,37,38].

In a comprehensive review, the existing literature highlights the importance of further
research on whole life cycle carbon emissions simulations in the building sector [7,18]. Prior
studies have demonstrated the importance of considering multi-dimensional indicators
and selecting appropriate metrics aligned with the specific characteristics of accounting ob-
jectives. Moreover, it is crucial to investigate the interactions among different dimensional
indicators and their impacts on the overall system to enable a more thorough analysis of
carbon emissions [39,40]. Additionally, there is a pressing need for more realistic scenario
simulations that assess the combined effects of future socio-economic development and
energy consumption [41]. Research methods such as the LMDI technique are ideal for ana-
lyzing the significant factors influencing historical CO, emissions at a regional level [15,41].
Additionally, the LEAP-SD model proves effective in predicting future trends and exploring
potential scenarios for reducing emissions [39,42—44].
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This study aims to propose the LEAP-SD model, designed to simulate the process-
based life cycle carbon emissions in Shenzhen’s building sector under various scenarios. By
considering China’s peak carbon emissions and setting targets for emission reductions, this
research integrates stable historical influencing factors with dynamic forecasting to provide
valuable insights and address limitations observed in prior studies.

Using Shenzhen as a case study, conducting in-depth research on carbon emissions in
the building sector holds significant practical importance. Shenzhen, with a total land and
sea area of 4027 square kilometers, a land area of 1997 square kilometers, and a sea area of
2030 square kilometers, has a permanent population of 17.56 million (including Shenzhen-
Shantou) and a service and management population exceeding 20 million [45], making
it a typical small-scale, high-density megacity [46]. Despite having a solid foundation in
low-carbon spatial planning, green building construction, and green and high-quality de-
velopment in the construction industry, Shenzhen’s quality and density of green buildings
are among the best in the nation. However, challenges persist in the construction sector due
to limited land availability, a growing population, and expanding industries, hindering the
achievement of the “dual carbon goal”.

The main contributions and innovations of this study can be summarized as follows:
(1) It develops a city-scale carbon emission simulation model for the building sector, taking
a life cycle perspective that includes materialization and construction, operations, and
demonstration and recycling stages. (2) The analysis of influencing factors combines histor-
ical trends with future projections, utilizing system dynamics and bottom-up accounting
models to analyze relationships and forecast emissions over various timeframes. (3) The
study provides multi-scenario predictions for carbon peaking in Shenzhen and analyzes
different emission reduction policies, offering valuable insights for developing relevant
measures and strategies.

The paper is organized as follows: First, the framework for annual carbon emissions in
the city-scale building sector is established, followed by the development and validation of
the LEAP-SD model using historical emission data. Subsequently, a simulation of business
as usual (BAU) is conducted to identify key influencing factors, leading to the setup and
simulation of multiple scenarios to offer insights for Shenzhen’s carbon reduction strategy.

2. Methodology

The whole research is divided into three steps, as the research logic shown in Figure 1.

First, based on the CO, emissions calculation formula published by the IPCC, this
study establishes an annual carbon accounting framework for the city’s building sector,
considering the entire life cycle of buildings. A comprehensive CO; emission inventory
for Shenzhen spanning from 2000 to 2022 is compiled. Second, the LMDI decomposition
method is employed to analyze historical CO, emissions in Shenzhen, categorizing driving
factors into four sub-systems. These sub-systems and factors are integrated into the LEAP-
SD model, simulated, and validated using VENSIM software (Vensim PLE*64 version 8.0.6).
Third, the future BAU scenario is simulated. With a focus on population, floor area, and
energy intensity effect, scenario designs and simulation analysis are conducted, leading to
proposed policy recommendations.
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Figure 1. The research process.

2.1. The Annual Carbon Emissions Accounting Framework

The “Whole Life Cycle Annual Carbon Emissions Accounting Framework in the Build-
ing Sector” presents a thorough framework that addresses carbon emissions across different
stages of a building’s life cycle within a year and within the city boundary. It covers CO,
emissions from the building production and materialization stage, the operation and main-
tenance stage, and the demolition and recycling stage within the city boundary, as well as
emissions from intercity building material and waste transportation (Figure 2, Table 1). The
framework focuses on various building types, mainly public and residential buildings.

The data sources are mainly official data from the Shenzhen Municipal Bureau of
Housing and Urban-Rural Development and the Shenzhen Statistical Yearbook. When
data are insufficient, the yearbooks of Guangdong Province and the whole country are
referred to for supplementary calculation. For the building production and materialization
stage, consumption and production data from Guangdong Province are sourced from the
“China Construction Industry Statistical Yearbook” and the “Guangdong Province Statis-
tical Yearbook”. Building construction data come from the total electricity consumption
of the construction industry in the Shenzhen Statistical Yearbook. Energy consumption
for building operation and maintenance is calculated mainly from the energy usage of
residential and public buildings. Residential building data is from electricity and natural
gas consumption in the statistical yearbook. Public building electricity consumption is
estimated based on energy intensity data from the Shenzhen Housing and Construction
Bureau, and natural gas consumption data is from the Shenzhen Power Supply Bureau.
For the building demolition and recycling stage, the total volume of construction waste is
determined by referring to the “Construction Waste Emission Reduction Technical Code”
SJG21-2011 [47] issued by the Shenzhen Municipal Bureau of Housing and Construction.
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Figure 2. Life Cycle Annual Carbon Emissions Accounting Framework. (a) The whole life cycle
of the building. (b) Whole Life Cycle Annual Carbon Emissions Accounting Framework in the
Building Sector.

Table 1. Whole Life Cycle Annual Carbon Emissions Accounting Framework in the Building Sector.

Stages

Formula

Key Indicators

Production materialization
stage (S1)

Building materialization (E1IMA1)

n
EIMAL1 = ) MiFi
i=1

The production of major building materials (within
the accounting city boundaries); Consumption of
each fuel type; CO, coefficient of each fuel type

Building material transportation (E1IMA2)

n
EIMA2 = ) Mmai x Di x Ti
i=1

The consumption of main building materials, the
average transport distance of main building
materials; CO, factor per unit weight distance
transported

Building construction (E1CO)
n
E1CO = ¥ Ecoi x Ei
i=1

The total amount of energy used in the construction
phase; CO; factors of each energy sources

Operation and maintenance
stage (S2)

Building operation (E20P)
n
E20P = ) Eopi x Ei
i=1

The total consumption of various energy sources at
the use stage; CO; factors of each energy sources

Building maintenance (E2RE) Included
in (E1CO)

Demolition and recycling
stage (S3)

Building demolition (E3DE)

n
E3DE = ¥ Edei x Ei
i=1

The total consumption of various energy sources in
the demolition stage; CO, factors of each energy
sources

Building waste disposal (E3WAT1)

n
E3WA1 =} Ewai x Ei
i=1

The amount of waste to be treated, the number of
various forms of energy consumed by waste
treatment; CO, factors of each energy sources

Building waste transportation (E3WA2)

n
E3WA2 =) Mwai x Di x Ti
i=1

Quantity and method of disposal of waste, average
transport distance
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2.2. The LEAP-SD Carbon Emission Simulation Model

The Shenzhen LEAP-SD carbon emission simulation model is developed by first utiliz-
ing the LMDI model to analyze the key driving factors using carbon emission accounting
data from the building sector spanning from 2000 to 2022. These identified factors are
then incorporated into the LEAP and SD models to construct five subsystems, facilitating
the development of a comprehensive simulation model for Shenzhen with projections up
to 2050.

2.2.1. LMDI Driving Factors Analysis

The extended LMDI method is applied to analyze the decomposition of city-scale
CO; emissions into different influencing factors. Along with the factors commonly studied
by researchers (population, GDP, CO, emission factor, and energy intensity) [4,15], the
extended LMDI model for Shenzhen includes per capita floor area and energy intensity
per unit area [48]. The correspondence between indicators and abbreviations can be found
in Table 2.

Table 2. The LMDI indicators and abbreviations.

No Indicator Abbreviation

1 population P

2 disposable income in

3 per capita public building area Pa
4 per capita residential building area Ra
5 energy intensity per public building unit area EIP
6 energy intensity per residential building unit area EIR
7 energy structure ES
8 electricity carbon emission factor EF

The LMDI method comprises two primary decomposition forms: additive decomposi-
tion and multiplicative decomposition. This analysis employed additive decomposition to
elucidate the absolute changes in carbon emissions and the contribution of each indicator.
The formula for additive decomposition is represented as (F1), where AC represents the
change in carbon emissions; AC_{indicatorl} to AC_{indicator} respectively represent the
contributions of different indicators to carbon emission changes.

AC = AC_{indicatorl} + AC_{indicator2} + AC_{indicator3} + AC_{indicatorN} (1)

In the case of Shenzhen, the LMDI factor decomposition model assumes a period of
[0, T], where C represents carbon emissions from the building sector in Shenzhen during
period T, and Cy represents carbon emissions during the initial period. The decomposition
formula is as follows.

AC = CT — C() = ACP + ACm + ACPa + ACRa + ACEIP + ACEIR + ACES + ACEF (2)

In the formula, AC represents the change value of total emissions in a period in
the building sector in Shenzhen, which is calculated as the sum of the effects of various
influencing factors. ACp indicates the impact of population; ACj, indicates the impact
of disposable income per capita; ACp, signifies the impact of per capita public building
area; ACR, signifies the impact of per capita residential building area; ACgjp represents the
impact of energy intensity per public building unit area; ACgjr represents the impact of
energy intensity per residential building unit area; ACgg represents the impact of energy
structure (carbon emissions from electricity as a percentage of total carbon emissions); ACgp
represents the impact of the electricity carbon emissions factor.

cr-¢ Cp
ACp= —=—— xIn| =L 3
" InCT—InC <C§l> ©
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ACy, = . g : EIOCO % In (%Z:) (4)
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2.2.2. LEAP-SD Model

The LEAP model with SD enables the estimation of energy consumption and carbon
emissions, along with the simulation of various scenarios to predict energy demand and en-
vironmental impacts [37,49]. LEAP incorporates a range of approaches on the demand side,
from bottom-up, end-use accounting techniques to top-down macroeconomic modeling,
which can also be applied to carbon emissions in the building sector [50].

To build the framework of the LEAP-SD model framework, the historical driving
factors were analyzed using the LMDI method and grouped as (population, disposable
income per capita), (per capita public building area, per capita residential building area),
(energy intensity per public building unit area, energy intensity per residential building
unit area), (energy structure), and (electricity carbon emission factor). Then the groups
were integrated into five subsystems to build the coupling model framework for dynamic

prediction (Figure 3).
Urban planning End-use energy
Socio- I' subsystem [ I' _______ subsystem |~ |
i |
i b - e e ] M/
subsystem .
\ 2 ! : Construction ) : ! Material : ! Output of \
I ! i land scale | ) ! production — - building 1
i GDP ), 1y Jectricit 1 orinls |
M )1 electricity 1 materials
| - ) | New )1 ! 1 ! 1
! fixed asset ) || construction ) | ! Material | ! Use of ' (- :
: investment ] : area | transportation construction 1 I
. ! ! machinery Electricity
£ ropuiation | i St Building
i - :- 3 > construction Proportion of Natural
[ P}‘" capita 1 | energy saving gas
i dl}spusuhlc [ Building | Residential area
| Income | - technology -1 building Fuel oil
| ) | subsystem. I electricity Energy
: Gross output | ! 11 consumption intensity
] value "_f )| 1| Energy intensity : ! E :
construction y | ! of residential : Publicbuilding nergy saving
industry ! building i electricity renovation of
B | consumption cx.lsl.mg
i ) : . buildings
Energy intensity 1
of public ! Demolition Mode of
building : electricity transportation

Figure 3. Coupling model framework for dynamic prediction of urban building carbon emissions
based on LEAP-SD.
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Historical carbon emission data from 2000 to 2014 were analyzed, validation was
conducted for the period of 2015 to 2022, and trends were projected up to 2050. The
interrelationships among the subsystems and factors were thoroughly examined and
supported by data from 2000 to 2022, with future projections extending to 2050.

The LEAP-SD model integrates driving factors analyzed using the LMDI, important
indicators sourced from policy analysis, current carbon emissions accounting in build-
ings, and existing prediction research models specific to construction. Data sources in-
clude statistical yearbooks, historical data simulations, and macro planning documents.
Detailed data sources are presented in Section 3. The LEAP-SD model is illustrated
below (Figures 4 and 5).

[XA of new n-green Pub

- wD o
Dj(]a f demolition Resi ‘:N .
: A of lax green Resi E of materialization )
‘ Fecondinon : Efactor of fuel
‘ %...m| Actoreen | | ‘
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: . A of green-re Resi ' Material - N O 4
: ' 1 4 AERtarinl in foma E of material trans
: . - S1 Ef £ materializati
bq Aofmew A of ney S v Electricity -~ CEof S Efactor of matenialization
" m-greenResi -___ _______p Resi ° : N i I i - ‘*"'
A 1 ’ _--------mE of construction da
A of demol . » Evatbay] f § xu:l Efactor of electricity
4 onstruction liresIIIce g ' )
: 4 <A of Pub ™ E of S3'of Pu ¢ : CEof S2 -
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(:) &

Figure 4. LEAP-SD model of CO, emissions for the building sector of Shenzhen.
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\ >
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Q
Figure 5. LEAP-SD model of the urban planning and building technology subsystems.

(1) The socio-economic subsystem described the basic development of population
and economy and their impacts on energy consumption in the building sector. (2) The
urban planning subsystem focuses on predicting changes in residential and public building
areas, categorized into residential building area and public building area. The calculation
for residential building area involves adding the annual newly built residential area to
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the current situation and subtracting the annual demolished residential building area,
and the same calculation goes for the public building area. (3) The building technology
subsystem described the green building technology that reflects in the green building area
and energy intensity of residential and public buildings. (4) The energy consumption
subsystem described the electricity, gas, and fuel consumption of the urban public and
residential building sector. (5) The carbon emissions subsystem outlines carbon emissions
at different stages, considering energy consumption and emission factors.

2.2.3. Model Validation

The LEAP-5D model was simulated and analyzed based on VENSIM software. The
state variable equation, rate change equation, auxiliary equation, constant assignment,
and other variable equations were simulated, and the real values were compared with the
simulated values. Historical statistics from 2015 to 2021 were substituted into the model
for simulation validation. The carbon emissions of the three stages and total emissions are
selected and tested. The results illustrate that the four key indicators’ (carbon emissions of
S1, S2, S3, and total) relative error rates are all within 10%. Therefore, the LEAP-SD model
of carbon emissions in the urban building sector of Shenzhen passes the validity test.

2.3. Scenarios Simulation Design

Based on the LEAP-SD model and policy planning goals, along with current conditions
of energy saving and emission reduction in the building sector in Shenzhen, a business
as usual scenario is simulated. Apart from predicting future CO, emissions under this
scenario, it is valuable to explore the potential impacts of various factors on future CO,
emissions, providing insights for scenario design. Through a single factor analysis of key
factors like population, GDP, building floor area, energy intensity, and CO, emissions factor,
this research identifies the population effect, floor area effect, and energy intensity effect on
CO, emissions.

Moreover, four distinct scenarios are compared to the BAU scenario, providing a com-
prehensive perspective that incorporates social economy, land use planning, and construction
technology indicators in line with policy expectations and real-world conditions (Table 3).

Table 3. The scenario designs.

No Scenarios Abbreviation = Population Effect  Floor Area Effect Energy Intensity Effect
1 Business as usual BAU Middle Middle Middle
2 Urban population accelerated PAC High +3% Middle High +5%
3 Urban livable LIV Middle High +15% Middle
4 Energy controlled ENC Middle Middle Low —10%
5 Sustainable development SuUS Middle High +10% Low —5%

3. The Annual Life-Cycle Carbon Emissions Calculation
3.1. Data Preprocessing Method

Preprocessing methods for carbon emissions accounting data in the building sector
involve handling missing values and estimating values. Missing values are typically
processed using mean interpolation and regression functions based on data from statistical
yearbooks. The correlation between data is considered, with missing values supplemented
based on proportional relationships or changing trends. In cases where data such as
material production and transportation lack direct statistical caliber, estimates are derived
through provincial and municipal data analysis and relationships between data.
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3.2. Data Preprocessing and Carbon Emission Calculation
3.2.1. Building Production and Materialization Stage (S1)

(1) Building materialization (Elpa1)

The carbon emissions statistics for building materialization typically focus on four
main categories, cement, steel, flat glass, and aluminum, which is recommend to cover
90% of the total material consumption. An amplification factor of 10% to 15% for “other
materials” would be considered to estimate total carbon emissions [51].

In the case of Shenzhen, estimates were made based on local production volumes
of materials. This involved using consumption and production data from Guangdong
Province, sourced from the “China Construction Industry Statistical Yearbook” and the
“Guangdong Province Statistical Yearbook.” Due to the lack of city-level data in the year-
book, analysis of the production capacity of main building materials in Shenzhen was
conducted based on the industry’s development status and enterprise distribution in
Guangdong Province (Table 4).

Table 4. Overview of main building materials production in Shenzhen construction industry.

. . Production of Guangdong Province Industrial Distribution of .
Building Material Industrial Distribution of Guangdong Guangdong Province Production of Shenzhen
Large consumer, insufficient production . L .
steel supply, is the finished steel and billet Mam{y distributed m Shaoguan, Can be ignored
. . Zhanjiang, Yunfu cities
outsourcing province
Mainly distributed in Guangzhou,
Cement production province, output first Shenzhen only 3 enterprises Estimated at 0.5% of total
cement . . . .
in the country (accounting for 0.5% of the total provincial production
number of enterprises)
Construction glass deep processing
province, sufficient production supply, Mainly distributed in Dongguan, .
glass the number of enterprises ranked firstin ~ Foshan, and Zhongshan Can be ignored
the country
Aluminum production province, the Mainly concentrated in
aluminum national output ranks third, the number y Can be ignored

of enterprises is first in the country

Dongguan, Guangzhou

Based on the above analysis, carbon emissions from local production of steel, glass,
and aluminum in Shenzhen can be negligible, carbon emissions from local production of
cement can be estimated according to 0.5% of the total output of Guangdong Province, and
carbon emissions from material transportation can be estimated according to the average
transport distance between cities.

(2) Building construction (Elcp)

The data are based on the total electricity consumption of the construction industry in
the Statistical Yearbook of Shenzhen City as the accounting basis, which not only includes
the construction and installation of new buildings, but also the electricity consumption of
building construction in the stages of renovation and demolition.

3.2.2. Building Operation and Maintenance Stage (52)

Building operation and maintenance energy consumption is mainly calculated from
the energy consumption of residential buildings and public buildings. The data of resi-
dential buildings are from the consumption of electricity and natural gas in the statistical
yearbook. The electricity consumption of public buildings is calculated according to the
energy intensity data of public buildings published by the Shenzhen Housing and Con-
struction Bureau. The natural gas consumption data come from the Shenzhen Power
Supply Bureau.
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3.2.3. Building Demolition and Recycling Stage (S3)

It is essential to calculate the carbon emissions resulting from waste treatment and
transportation post demolition. The total volume of construction waste can be deter-
mined by consulting the “Construction Waste Emission Reduction Technical Code” SJG21-
2011 [47], issued by the Shenzhen Municipal Bureau of Housing and Construction. This
calculation involves estimating waste production based on specific indicators and consider-
ing the new and demolition areas from urban renewal construction data.

4. Simulation Results of the Leap-SD Model

The historical carbon emissions of the Shenzhen building sector from 2000 to 2022 are
presented and analyzed using LMDI in this part. The BAU scenario is simulated based on
key factors from official policy and planning documents. Seven factors were selected and
analyzed within the BAU scenario, with three identified as the most influential for carbon
emission simulations. Finally, four scenarios were designed and simulated to assess timing
and potential peak emissions.

4.1. Historical Carbon Emission

The total carbon emissions of the urban building sector are calculated in the three
stages based on the framework proposed in Section 2.1, as shown in Figure 6.
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Figure 6. Annual carbon emissions accounting in Shenzhen building sector (2000-2022) (MtCO,).

The carbon emissions of the urban building sector initially increased from 2000 to
2015, followed by a fluctuating upward trend from 2015 to 2022, growing from 4.35 Mt
(million tons of CO,) to 25.96 Mt over the previous 22 years. It was noted that the operation
and maintenance stage (S2) consistently contributed around 80% to the overall carbon
emissions ratio, with the production and materialization stage (S1) fluctuating around 20%.
The demolition and recycling stage (S3) showed ratios varying between 1% and 2%.

In 2020, Shenzhen’s building electricity carbon emissions were 10.69 Mt, represent-
ing the largest share of total carbon emissions in the city’s urban building sector energy
consumption. Additionally, carbon emissions from public buildings in Shenzhen reached
6.82 Mt, the highest proportion of carbon emissions in both public and residential buildings.

From 2000 to 2022, the urban building sector in Shenzhen experienced a significant
increase in carbon emissions, rising from 4.35 Mt to 25.96 Mt. The analysis conducted by
LMDI revealed that the impact of the four groups of indicators was more pronounced in the
period 2000-2010 compared to 2010-2022. The primary positive influence was attributed to
the social-economic group (P, in), followed by the building technology group (EIP, EIR),
the urban planning group (Pa, Ra), and the energy consumption group (ES). Conversely,
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the carbon emissions factor (EF) had a negative contribution to the overall emissions. The
specific contributions of each effect within these groups are outlined in Figure 7.
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Figure 7. The contribution of the four groups of factors analyzed by LMDI in the carbon emissions
accounting in the Shenzhen building sector (2000-2022).
4.2. BAU Scenario
The BAU scenario pertains to the economic and social trajectory that unfolds based on
the original course and trend from a specific point in time, without any specific targeted
interventions. The establishment of BAU scenario parameters for carbon emissions in
Shenzhen’s building sector primarily involves the anticipated values outlined in Shenzhen’s
“14th Five-Year Plan” across different sectors and is computed in alignment with existing
policy directions. The key parameters settings were as follows.
1.  Parameters settings
(1) Socio-economic subsystem.
The “Shenzhen Municipality’s Fourteenth Five-Year Plan for National Economic and
Social Development and Outline of Long-term Goals for 2035” projects a 6% regional
GDP growth in 2025, with the GDP expected to double by 2035 compared to 2020 [52].
As outlined in the “Shenzhen Land and Space Master Plan (2020-2035),” the permanent
population target for 2035 is 19 million, while administrative management will be based
on a service management population of 23 million [53]. Post 2023, the GDP growth rate is
set at 5%. The permanent population is projected to be around 22 million, with estimated
values for relevant indicators provided in Table 5.
Table 5. Prediction of main indicators of socio-economic subsystem of carbon emissions in the whole
life cycle of the building sector in Shenzhen (2025-2050).
True Value Predicted Value
Indicators
2020 2025 2030 2035 2040 2045 2050
GDP (100 million yuan) 26,992.3 374,927.8 449,892.8 53,984.7 688,996.2 879,353.1 11,223.0
GDP growth rate 14% 5% 5% 5% 5% 5% 5%
Resident population (10,000) 1763.4 1828.2 1844.1 1860.0 1958.1 2075.6 2200.0
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(2) Urban planning subsystem.

Based on the current values of public building and residential building areas in
Shenzhen, along with the annual changes in completed area for both types of buildings,
a prediction is made using a modest growth rate of 3% to 5% in the completed area. The
annual completed area for public buildings is around 300 million square meters, while the
annual completed area for residential buildings varies between 3 million and 12 million
square meters. Projections suggest that by 2050, the per capita public building area will be
24 square meters, and the per capita residential building area will be 40 square meters. The
estimated demolished building area is approximately 1.5 times the land preparation area.
The predicted values for these indicators are in the appendix (see Appendix A—Table Al).

(3) Building technology subsystem

During the “14th Five-Year Plan” period, Shenzhen plans to focus on promoting the
construction of large public buildings, state agency offices, and residential buildings over
100,000 square meters to meet high-star standards of two stars and above. The goal is for
80% of new buildings in key areas to be high-star green buildings, with a projected 70%
of new buildings meeting this criterion by the end of the “14th Five-Year Plan” period.
Energy consumption predictions are based on building type and energy intensity, with
energy-saving buildings expected to have an intensity of about 20% less than ordinary
buildings (see Appendix A—Table A2).

(4) Carbon emission subsystems

In February 2023, the Ministry of Ecology and Environment issued the “Notice on the
Management of Greenhouse Gas Emission Reports of Enterprises in the Power Generation
Industry from 2023 to 2025”, revealing that the latest average emissions factor of the
national power grid in 2022 is 0.5703 tCO,/MWh. This represents a decrease from the
power grid emission factor reported in March 2022, which was 0.5810 tCO, /MWh, showing
a reduction of 0.010. Shenzhen’s electricity carbon emissions factor is based on the average
carbon dioxide emissions factor of 0.3876 tCO, /MWh for the provincial power grid in 2020
and is calculated to be following a gradual downward trend (see Appendix A—Table A3).

2. BAU result

Based on the basic scenario and LEAP-SD model simulations, Shenzhen is projected
to reach its peak full life cycle carbon emissions in the building sector around 2039, with
an estimated peak value of 33.5 million tons. The operation and maintenance stage (52) is
identified as the primary contributor to carbon emissions (Figures 8 and 9).

Total CO: emission
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L1: The BAU scenario carbon emissions simulation of the whole life cycle

Figure 8. BAU scenario carbon emissions simulation for the building sector in Shenzhen (MtCO;).
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Figure 9. The S1 and S2 of BAU scenario carbon emissions simulation for the building sector in
Shenzhen (MtCO,).

Under the BAU scenario, carbon emissions per square meter of building area exhibit a
fluctuating pattern, starting at approximately 23.6 kg per square meter in 2000, reaching
29.5 kg per square meter around 2035, and then decreasing to about 21.2 kg per square
meter by 2050. The increase in emissions from 2000 to 2010 was driven by the rapid
expansion of the total building area, followed by a decline due to the slowdown in growth
rate and industrial structural adjustments. Carbon emissions per unit building area showed
a rising trajectory from 2010 to 2035, with an expected decrease post the 2035 peak. In 2000,
the emissions stood at approximately 27.1 kg per square meter, slightly higher than the
average in the southern cities of China [54].

The per capita carbon dioxide emissions under BAU showed a trend of first growth
and then decline, starting at around 0.66 t per capita in 2000, peaking at 1.78 t per capita
around 2035, and then dropping to approximately 1.42 t per capita by 2050 (Figure 10).
Additionally, emissions in 2020 were slightly higher compared to the average for southern
cities (1.01 tCO, per capita), at around 1.51 tCO, per capita [55].
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Figure 10. The carbon emissions per square meters and per capita for the building sector in Shen-
zhen (MtCO;) under BAU scenario. (a) CO, emissions per square meters (kg). (b) CO, emissions
per capita (t).
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When examining electricity consumption in public and residential buildings, non-
green public buildings are projected to peak in electricity consumption around 2037 before
declining, while green public buildings will see a steady increase in consumption from
2000 to 2050, with a slower growth rate after 2040. Residential buildings show a similar
trend, with non-green buildings expected to peak in electricity consumption around 2032
and then decline, and green residential buildings anticipated to have a continuous rise in
electricity consumption from 2000 to 2050 (Figure 11).
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Figure 11. The electricity consumption of non-green and green building areas for the building sector
in Shenzhen (10,000 KW-H) of the BAU simulation. (a) Electricity consumption of non-green (E-NP)
and green public building areas (E-GP). (b) Electricity consumption of non-green (E-NR) and green
residential building areas (E-GR).

4.3. Single Factor Scenario Analysis

Based on the BAU scenario, seven different scenarios were simulated: a 10% increase in
population (A), GDP (B), disposable income per capita (C), a 10% decrease in the electricity
carbon emissions factor (D), a 10% increase in residential building area per capita (E), a 10%
decrease in energy intensity per public building unit area (F), and a 10% decrease in energy
intensity per residential building unit area (G).

The analysis in Figure 12 reveals that population has a notable impact on CO; emis-
sions, with a 10% increase in population resulting in a 7.3% increase in emissions. Addition-
ally, a 10% rise in disposable income per capita leads to a 5.2% increase in CO, emissions,
surpassing the impact of GDP. On the other hand, a 10% reduction in the emissions factor
of electricity results in a 4.1% decrease in CO; emissions. Moreover, a 10% increase in per
capita residential floor area corresponds to a 7.4% increase in carbon emissions. Further-
more, a 10% decrease in energy intensity for public and residential buildings would lead to
a 6.9% and 7.3% reduction in carbon emissions, respectively. It can be concluded that the
population, the floor area, and the energy intensity play the key roles in 2022-2050.
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Figure 12. Single factor scenario analysis for the building sector in Shenzhen (MtCO;) of the BAU

F

simulation. (a) Scenario analysis A-D. (b) Scenario analysis E-G.

4.4. Scenarios Simulation

Based on a single factor analysis, scenario designs were proposed considering three
key influencing indicators, population, floor area, and energy intensity effects, in alignment
with the city’s sustainable and livable goals in urban planning. Compared to the business
as usual BAU scenario, total carbon emissions are projected to rank from least to most as
follows: ENC > SUS > BAU > LIV > PAC. The sequence of peak times is ENC > SUS > BAU
> LIV > PAC.

Shenzhen, unlike other cities, faces challenges due to limited land resources. As a
result, the city carefully regulates its population and construction land scale in urban plan-
ning, focusing on more efficient, intensive, sustainable, and livable development [53]. The
scenario simulation examines the impacts of rapid population growth (with an emphasis
on population control), larger per capita living spaces (to enhance livability), sustainable
development (by reducing building energy consumption while providing spacious living
areas), and strict control over building energy intensity. Through various scenarios, the sim-
ulation aims to offer insights for decision-making in urban development towards achieving
a carbon peak in the construction sector. The results of the multi-scenario simulation for
the carbon peak in the building sector of Shenzhen are presented for the years 2023 to 2050
(Table 6, Figures 13 and 14).

Table 6. Scenario simulation of carbon emission for the building sector in Shenzhen (MtCO;).

No Abbreviations Peak Time Peak Value (MtCO,)
1 BAU 2038 (£2) 32.30 (+15%)
2 PAC 2042 (£2) 35.25 (£15%)
3 LIV 2040 (£2) 33.10 (£15%)
4 ENC 2033 (£2) 28.50 (+15%)
5 Sus 2036 (£2) 31.50 (£15%)
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Figure 13. Scenario simulations of carbon emissions for the building sector in Shenzhen (MtCO,).
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Figure 14. The carbon emissions per square meters and per capita for the building sector in Shenzhen
(MtCOy). (a) CO, emissions per square meters (kg). (b) CO, emissions per capita (t).

4.4.1. Urban Population Accelerated (PAC)

The urban population accelerated scenario projected the possible trend of carbon
emissions in the building sector considering the more rapid urban development compared
to BAU. In the PAC scenario, the estimated population for 2050 is approximately 25 million,
leading to a proportional increase in the overall building area. Despite this expansion,
the per capita building area remains consistent with that of the BAU scenario. However,
investments in technological advancements and green buildings have not met the targets
outlined in the BAU scenario. Energy intensity in public and residential buildings is higher
in the PAC scenario, with green buildings showing a 5% higher energy intensity compared
to the BAU scenario.

The PAC scenario is expected to peak around 2042 at 35.25 (£15%) MtCO;. Following
this peak, it is crucial for the average energy consumption of buildings to exhibit a yearly
decline of 1-2% to ensure a sustained reduction in total carbon emissions post peak. After
reaching its peak, the PAC scenario demonstrates the slowest rate of carbon reduction
among the five scenarios.

4.4.2. Urban Livable (LIV)

The livable scenario envisions an improved living environment for urban residents,
with a focus on increasing the per capita residential building area compared to the BAU
scenario. In the LIV scenario, despite similar policies and population trends as the BAU
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scenario, the per capita residential building area is projected to reach 45 square meters per
capita by 2050, reflecting a 15% increase.
The LIV scenario is projected to peak around 2040 at 33.10 (+15%) MtCO,.

4.4.3. Energy Controlled (ENC)

The energy control scenario emphasizes more stringent energy requirements than
the BAU. Green investments, policies, and technological advancements have intensified,
leading to a significant drop in energy intensity for public and residential buildings. Green
buildings are projected to achieve a 10% higher reduction in energy intensity compared
to BAU.

The ENC scenario is projected to peak around 2033 at 28.5 (£15%) MtCO,. After
peaking, the ENC scenario has the fastest carbon reduction rate among the five scenarios.

4.4.4. Sustainable Development (SUS)

The sustainable development scenario adopts a balanced orientation between urban
livability and carbon reduction. On the one hand, compared with the BAU, the per capita
residential area is increased around 15%, and on the other hand, the energy intensity is
required to be about 5% lower than the BAU.

The SUS scenario is projected to peak around 2036 at 31.5 (£15%) MtCOs,.

Compared to the BAU scenario, it is projected that carbon emissions per square meter
building area exhibit as PAC > BAU > LIV > SUS > ENC. When the population and building
area are growing more rapidly, the carbon emissions per square meter also show a higher
level; if the energy consumption is not more strictly controlled, the carbon peak is likely
to be carpeted (The PAC). The per capita carbon emissions are projected as LIV > PAC
> BAU > SUS > ENC. There is only a small difference between LIV and PAC in per capita
carbon emissions, which will increase due to faster growth in per capita floor space and
less control of population and energy intensity than expected.

5. Discussions

The study introduced a process-based life-cycle LEAP-SD framework for the build-
ing sector of Shenzhen. This model combined LEAP principles, which cover a variety
of methods ranging from bottom-up, end-use accounting to top-down macroeconomic
modeling. By using a system dynamics model, connections between social-economic,
urban development, building technology, consumption, and carbon emissions subsystems
were established. This approach facilitates a more thorough analysis that considers the
interdependencies among subsystems and allows for a broader range of policy implications
through various scenario designs.

The application of the LEAP-SD model to the Shenzhen building sector from the life
cycle perspective revealed key factors influencing future carbon emissions, including the
population effect, the floor area effect, and the energy intensity effect. Population, a critical
factor in the urban building sector, was also found to be significant in carbon emissions
within the Guangdong-Hong Kong-Macao Greater Bay Area (GBA) [41] and the city of
Fuzhou [39]. Despite China’s negative population growth trend since 2022, population
continues to play a pivotal role. Nevertheless, cities like Shenzhen still attract population
due to their growth, as reflected in the BAU scenario simulations.

Per capita floor area serves as a critical indicator for predicting future carbon emissions,
especially in Shenzhen where land is scarce and population density is high. Shenzhen’s
per capita residential floor area falls below that of Beijing and Shanghai, underscoring
the necessity for improvement. To tackle this issue, Shenzhen is implementing a range
of measures as outlined in the “Several Measures on Further Increasing the Supply of
Residential Land”. These measures include converting commercial land into residential
areas and promoting mixed land use for secondary and tertiary industries. The objective
of these efforts is to enhance housing and public facilities while preserving the quality of
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industrial spaces. Consequently, the potential impact of these initiatives on future carbon
emissions is substantial.

Building energy intensity is a critical factor to consider, particularly in light of the
slowdown in urban construction and the subsequent decrease in urban building area
growth. The impact of energy consumption per unit of building area on carbon emissions
is of utmost importance. Despite a high density of green buildings and a significant
proportion of high-rated green buildings in Shenzhen, there are limitations in monitoring
energy consumption throughout the buildings’ life cycle. While Shenzhen has begun
releasing annual energy consumption monitoring reports for large public buildings in recent
years, there is still a need to expand the types and quantity of buildings connected to the
monitoring system. Moreover, the “Shenzhen Green Building High-Quality Development
Action Implementation Plan (2022-2025)" stipulates that from 2025 onwards, all new
buildings in Shenzhen must comply with green building design standards, highlighting the
critical importance of the green transformation of existing buildings. Retrofitting existing
buildings for energy efficiency presents a significant potential for emission reduction
compared to imposing stricter design standards on new buildings, as identified in previous
research [6].

However, indicators such as urbanization level and building electrification level have
less impact on Shenzhen because the level of urbanization and electrification in Shenzhen is
already quite high and tends to be stable [56]. Technological measures such as digitization,
preassembly, and energy substitution will further have a positive impact on building carbon
emissions [23], and their specific effects remain to be future studied [57].

Finally, it is important to note that this study is limited in the following three aspects.
First, it does not consider significant changes in Shenzhen’s industrial structure. In 2020,
Shenzhen’s industrial composition followed a “secondary and tertiary industry-led” pat-
tern, with the combined added value of the secondary and tertiary sectors comprising
99.9%. Currently, the tertiary industry in Shenzhen has surpassed the secondary industry
in proportion. However, due to Shenzhen’s economic size and developmental stage, the
growth rate of the tertiary industry, particularly in manufacturing-related services, remains
relatively sluggish [58]. As a result, the carbon emissions forecast is based on a projection
of steady development without accounting for major shifts in industrial structure. Sec-
ondly, it is limited by not considering the impact of other emerging technologies on carbon
emissions reduction, such as the terrestrial carbon sink [59] and carbon capture, utilization,
and storage (CCUS) [60]. The study focuses on analyzing medium-term simulations of
carbon emissions within Shenzhen’s building sector, as advanced technologies are not
yet widely available on a commercial scale within a short timeframe. Future research
should explore the significance and potential of these two aspects in effectively addressing
carbon emissions.

6. Conclusions and Policy Recommendations

This paper proposed an annual carbon emissions accounting framework from a whole
life cycle perspective, utilizing LEAP-SD modeling to comprehensively analyze and sim-
ulate carbon emissions of buildings in Shenzhen. The historical carbon emissions of the
urban building sector in Shenzhen exhibited an increasing trend from 2000 to 2022, with
the operation and maintenance stage consistently contributing around 80% to the overall
carbon emissions ratio. The analysis by the coupling model of LEAP-SD identified pop-
ulation effect, floor area effect, and energy intensity effect as the most significant factors
influencing future carbon emissions. Simulation results indicate that the carbon peak is
projected to be 32.30 MtCO, around 2038 under the BAU scenario. A 10% building energy
consumption reduction level (ENC scenario) could lead to achieving the carbon peak in the
building sector around 2030.
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It is important to reduce carbon emissions from the perspective of the whole life cycle
of the buildings. For the building production and materialization stage, research has shown
that the production of construction materials is responsible for more than 80% of embodied
emissions in China’s building sector [61]. Implementing strategies to enhance material effi-
ciency is essential [62,63]. In cities like Shenzhen with limited building material production,
the focus should be on promoting the criteria and strategy on green procurement practices,
especially for the public buildings, which would incentivize suppliers and manufacturers
to produce more environmentally friendly goods and services [64]. It is also imperative to
consider the life-cycle carbon emissions during the building design phase, and utilizing
BIM technology would be one of the solutions in optimizing strategies to minimize carbon
emissions [65].

For the operation and maintenance stage, it is crucial to maintain a balance between
urban population, spatial capacity, and energy density to ensure that cities can support their
inhabitants while controlling carbon emissions in the long term. Planning considerations
and in-depth analysis should be based on low-carbon goals in urban planning strategy
development. Continuous monitoring and tracking of building energy consumption and
carbon emission data throughout the life cycle are necessary. Technological innovation
and energy consumption management can help reduce carbon emission intensity per
unit of building area. Encouraging the participation of various entities and promoting
building energy conservation and carbon reduction through policies and markets are
essential. Policy formulation should prioritize sustainability, spontaneity, and market
participation, rather than relying solely on top-down leadership. Research on energy-saving
and emission reduction demonstration city projects suggests that while they may offer
short-term incentives for local carbon reduction, their long-term impact and applicability
to other cities may be limited [66].

The importance of addressing carbon emissions during the demolition and recycling
stage is often underestimated [67]. However, according to recent research, increasing
waste-to-energy incineration rates by 50% can lead to a 50.53% reduction in CO, emissions
from combustible waste [68]. Cities like Shenzhen rely heavily on neighboring cities for
building waste disposal, underscoring the necessity for a collaborative cross-city processing
mechanism. Coordinated efforts and technological advancements are essential for cities to
maximize the potential for carbon reduction through the processing of construction waste.
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Appendix A

Table Al. Prediction of main indicators of urban planning subsystem of carbon emissions in the
whole life cycle of the building sector in Shenzhen (2025-2050).

True Value Predicted Value
Indicators
2020 2025 2030 2035 2040 2045 2050
Public building area 30,547.0 31,285.0 35,301.7 44,893.9 46,906.2 49,736.7 52,952.9
(10,000 square meters)
Per capita public floor 17.3 17.11 19.1 24.1 23.9 23.9 24.1
area (square meter)
Residential building area y g 62,226.1 65,307.3 69,347.9 74,506.1 80,517.9 87,487.3
(10,000 square meters)
Per capita residential floor 345 34.0 35.4 373 38.0 388 39.8
area (square meter)
Demolition area 3000 4200 2700 2707.5 2256 2106 1804

(10,000 square meters)

Table A2. Prediction of main indicators of building technology subsystem of carbon emissions in the
whole life cycle of the building sector in Shenzhen (2025-2050).

True Value Predicted Value
Indicators

2020 2025 2030 2035 2040 2045 2050

Energy saving area of public 6203.5 10,619.8 12,622.2 15,141.6 18,254.9 22,464.7 27,480.9
buildings (10,000 square meters)
Proportion of energy-saving 21% 34% 36% 34% 39% 45% 52%
area in public buildings

Proportion of energy saving 12% 20% 24% 30% 35% 42% 48%

area in residential buildings

Table A3. Prediction of main indicators of carbon emissions subsystem of carbon emissions in the
whole life cycle of the building sector in Shenzhen (2025-2050).

True Value Predicted Value
2020 2025 2030 2020 2025 2045 2020

Indicators

Electricity
carbon
emissions 0.39 0.39 0.39 0.39 0.35 0.35 0.32
factor
(tCO, /MWh)
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