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Abstract

Buildings account for nearly 30% of global energy-related carbon emissions. In rapidly
developing economies, the operational phase of buildings represents a major and growing
source of emissions. However, emission pathways in hot-summer-cold-winter (HSCW)
regions remain understudied. This study analyzes carbon emission peaks and influencing
factors in the operational phase of existing civilian buildings in Anhui Province. It inte-
grates energy balance tables, the LEAP model, carbon emission factors, and the STIRPAT
model. The energy balance table method disaggregates building energy consumption
into urban, rural residential and public sectors. It adjusts for transportation energy by
deducting specific proportions of gasoline and diesel from industrial, commercial, and
residential sectors. Heating energy calculations are simplified because the region has a
HSCW climate with limited centralized heating. The LEAP model projects emissions under
four scenarios from 2020 to 2060. The STIRPAT model with ridge regression reveals that
the permanent population and energy structure negatively influence residential emissions
with elasticities of —2.646 and —1.465, respectively. This finding is consistent with the
province’s energy transition, where coal use dropped from 28.48% in 2005 to 0.45% in
2020 and electricity use rose from 39.86% to 59.01%. In contrast, per capita GDP, building
area, and energy intensity show positive effects. For public buildings, tertiary industry
added value and energy structure are key determinants. Scenario analysis identifies the
blueprint scenario as optimal, with residential emissions peaking at 34.29 million tons in
2025 and declining to 9.19 million tons by 2060 through measures such as 10% building
retrofits by 2025, 75% energy-saving standards for new constructions, 50% retrofits by
2060, and renewable energy integration with building electrification, outperforming the
baseline scenario that peaks in 2036 at 49.46 million tons and other intermediate scenarios.
The study underscores that energy structure optimization significantly decouples energy
consumption from emissions, offering actionable pathways for dual carbon goals through
policy synergies in building efficiency, population management, and clean energy adoption
to foster sustainable development and the construction industry’s low-carbon transition.

Keywords: energy balance sheet; LEAP model; STIRPAT model; scenario analysis; energy
efficiency in buildings
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1. Introduction

Climate change ranks among the most serious challenges confronting humankind.
The growing concentration of greenhouse gases worldwide has caused climate warming.
This in turn has produced frequent extreme weather events that seriously disrupt human
activities and social development. China is the world’s largest energy consumer and CO,
emitter. It accounted for roughly 26.13% of global primary energy consumption. Industry,
buildings, and transportation are the three major energy-consuming sectors. They are
also the principal sources of greenhouse gas emissions. According to the Research Report
on Carbon Emissions in the Field of Urban and Rural Development in China [1], total
carbon emissions from the construction sector and building industry in China in 2022
reached 5.13 billion tons of CO,. This amount represented 48.3% of the nation’s total
energy-related carbon emissions. Within this total, the operational phase of buildings
(See Figure 1) contributed 2.31 billion tons of CO,, representing 21.7% of the total energy-
related emissions.
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Figure 1. Total and proportion of carbon emissions from construction and construction industry in
China in 2022.

Research on energy and carbon emissions covers various fields, including industry,
power, transportation, and buildings, with diverse methodologies such as the STIRPAT
model, LEAP model, decoupling model, and LMDI algorithm. Wu et al. [2] selected
18 developed countries and utilized the STIRPAT model to explore driving factors influ-
encing the reduction in CO, emissions. Zhang et al. [3] examined how various building
energy efficiency standards contribute to China’s 2060 carbon neutrality target, using the
LEAP model. Liu et al. [4] used a STIRPAT-SD model to analyze land-use carbon intensity
variations and to simulate county-level emission scenarios. The LEAP (Long-Range Energy
Alternative Planning) model has been extensively applied across various scales, including
cities, regions, and countries [5-7]. Harries et al. [8] developed a LEAP model to analyze
Chinese energy demand and supply strategy up to 2060. Hern’andez et al. [9] projected
industrial emissions for a Latin American megacity by 2050. The LEAP model constructs a
mathematical framework to simulate energy consumption patterns across various devel-
opment scenarios. It incorporates energy demand, socio-economic trends, policies, and
technologies. This allows the model to predict both energy use and environmental impacts
for each sector. Most existing research concentrates on assessing individual technologies
in isolation. However, such studies often overlook the broader context of socio-economic
development and end-use energy technologies. They also fail to provide quantitative
estimates of how different conservation and emission-reduction measures contribute.
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Emodi et al. [10] utilized the LEAP model to examine Nigeria’s energy system, cov-
ering energy demand, supply, and related GHG emission. LEAP model has likewise
been used to forecast the abatement of key atmospheric pollutants in Beijing, China [11].
Nieves et al. [12] adopted the LEAP model to evaluate energy demand and greenhouse
gas emission in Colombia. Maduekwe et al. [13] employed LEAP model to project future
energy demand and greenhouse gas emission for energy planning selection in Lagos; Yang
et al. [14] built a LEAP model to assess the environmental and socio-economic impacts of
renewable energy expansion in Zhangjiakou, China.

Hong et al. [15] applied LEAP to investigate the impact of Korea’s current low-carbon
transportation policies implemented until 2020 on the country’s energy and environment.
Zhao et al. [16] measured the level of low-carbon economic development through per capita
GDP, energy consumption, energy structure, and carbon emissions, and applied the LEAP
model to simulate China low-carbon economic development level under different scenarios
by 2050. Seyithan [17] employed the LEAP model to assess energy efficiency and CO,
abatement potential in Turkey’s iron—steel and cement sectors.

Zhao et al. [18] combined the LEAP model and land-use simulation to forecast Shen-
zhen'’s carbon neutrality scenarios, guiding low-carbon urban development. Zou et al. [19]
used the LEAP model to study Changsha public buildings’ carbon emissions, setting
baseline and green scenarios for prediction. Studies using the STIRPAT model and its
combination with the SD model [20-22] analyze drivers and scenarios of carbon emissions
in land use, households, buildings, and national peaking in China.

In terms of carbon emissions, Fan et al. [23] used the STIRPAT model to evaluate
how population, affluence, and technology affected total CO, emissions in countries at
various income levels between 1975 and 2000. Li et al. [24] categorized China’s 30 provinces
into five regions based on provincial carbon emission data from 1990 to 2010 using the
STIRPAT model for analysis. The results indicate that GDP, industrial structure, population,
urbanization, and technological level are all major factors influencing carbon emissions,
though the degree of impact varies among these factors.

Despite the extensive use of LEAP and STIRPAT models in energy and carbon emission
research, the following several gaps remain: (1) most existing studies focus on national
or municipal levels, with limited attention to provinces in hot-summer-cold-winter zones.
(2) The combined use of energy balance table decomposition with both LEAP and STIR-
PAT is rare. (3) Few studies provide policy-realistic retrofit percentages with empirical
justification. Energy balance table disaggregation, the LEAP model, and the STIRPAT
model within a single analytical framework are combined. This is the systematic study
to provide detailed terminal-level energy decomposition and long-term scenario analysis
for a hot-summer-cold-winter province in central China (Anhui Province), where heating
patterns differ fundamentally from northern China. Unlike purely theoretical scenarios, our
blueprint scenario is anchored to actual provincial policy timelines (e.g., the 14th Five-Year
Plan) and empirically derived retrofit rates. The aim is to identify a suitable implementation
pathway for dual carbon goals in buildings in Anhui Province.

2. Materials and Methods

This section describes the data sources, modeling framework, and analytical methods
used in this study. Section 2.1 presents the following three core models: the energy
balance table method for disaggregating building energy consumption, the LEAP model for
scenario-based energy projection, and the STIRPAT model for driver analysis. Section 2.2
describes the data sources and model validation. Sections 2.3-2.5 present the key input
parameters (population, urbanization rate, per capita building area, and terminal energy
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intensity), and Section 2.6 provides a terminal-level decomposition of energy consumption
and carbon emissions.

2.1. Models and Methods
2.1.1. Energy Balance Table Method

The energy balance table is a matrix table used to comprehensively reflect the supply,
consumption, and conversion of various types of energy. It includes seven categories of
energy-consuming sectors. By employing the method proposed by Cai et al. [25], we can
calculate the energy consumption data of existing civilian buildings in Anhui Province
based on the energy balance table.

(1) Building energy consumption disaggregation

Building energy consumption baseline and total building energy consumption are
represented by Equations (1) and (2) respectively:

Ebasic =Ew+Eo+EL (1)

E = Epgsic — Er + Eg + Ep 2)

where Ej5; represents the baseline building energy consumption. Eyy represents the energy
consumption of wholesale, retail, and catering industries. Ep represents other energy
consumption. Ej represents residential living consumption energy. E represents total
building energy consumption. Et represents deducted transportation energy consumption.
Ep represents heating energy consumption correction. Ep represents unaccounted building
energy consumption in other sectors.

(2) The calculation of deducted energy consumption

To compute energy consumption in the transportation sector, this work followed the
approach of Wang et al. [26]. This method involves deducting 95% of gasoline and 35%
of diesel from the industrial, construction, commercial, and public service sectors, as well
as all gasoline from residential and agricultural consumption, and 95% of diesel from
residential consumption.

Regarding the calculation for heating, as Anhui Province belongs to a region charac-
terized by hot summers and cold winters, where the majority of buildings do not have
centralized heating, the process of heating energy consumption correction can be simplified
when calculating energy consumption for existing buildings in this region, as shown in
Equation (3).

En = NHg — Egpasic (©)

where Ep represents the correction of heating energy consumption; NHE represents the
energy consumption of centralized heating in northern heating areas (based on statistical
yearbooks); and Epyp,si. represents the heat energy consumption in the baseline energy
consumption that should be deducted.

The energy consumption accounting for the transportation sector is as shown in
Equations (4)-(6):

BET = CET + BECt 4)
BECy = ECy — Ey ()
Ey = Ey1+ Ey2 + Eys (6)

where BET represents the unaccounted building energy consumption in the transportation
sector; CET represents the coal consumption within it; BECt represents the electricity
consumption for buildings within it; ECt represents the total electricity consumption
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within it; Ey represents the total electricity consumption of municipal transportation
vehicles; and Eyq, Ey, and Ey3 represent the electricity consumption of railways, pipeline
transportation, and urban public transportation respectively.

(3) Calculation of Building Energy Consumption

Urban residential building energy consumption and rural residential building energy
consumption are represented by Equations (7) and (8) respectively:

Ber = Ec; — TEg + EHg - PHg (7)

Bry = Ey; — TEy (8)

where Bpr represents urban residential building energy consumption; Ec; represents
urban living consumption energy; TER represents the deducted transportation energy
consumption within urban residential buildings; EHy represents the corrected heating
energy consumption allocated to urban residential buildings; PHy represents the propor-
tion of heating consumption in urban residential buildings to total heating consumption;
By represents rural residential building energy consumption; Ey| represents rural living
consumption energy; and TEy represents the deducted transportation energy consumption
within rural residential buildings.
The energy consumption of public buildings is represented by Equation (9):

Brp =Ew+Ep —TEp+ EHp-PHp+ BET 9)

where Brp represents the energy consumption of public buildings; Ejy represents the energy
consumption of wholesale, retail, and catering industries; Ep represents the unaccounted
building energy consumption in other sectors; TEp represents the deducted transportation
energy consumption within public buildings; EHp represents the corrected heating energy
consumption allocated to public buildings; PHp represents the proportion of heating
consumption in public buildings to total heating consumption; and BET represents the
unaccounted building energy consumption in the transportation sector.

2.1.2. LEAP Model

The Long-Range Energy Alternative Planning System 2025, also known as the Low-
Emission Analysis Platform, is a scenario-based, bottom-up multi-functional modeling
software for energy and environment analysis. The model features flexible data struc-
tures that allow researchers to build models according to their research objectives, content,
and targets. With rich technical specifications and detailed user interfaces, it is widely
used in energy policy analysis and climate change assessment. Currently, this model has
been adopted by organizations in over 190 countries for research and development. Its
application spans industries including steel and iron manufacturing, power generation,
construction, and transportation, with implementation covering urban, provincial, regional,
national, and even global scales. As an integrated modeling tool, the LEAP model com-
prehensively considers factors such as population, GDP, energy intensity, and technology
to predict energy supply—-demand balance and pollutant emissions. The computational
framework is illustrated in Figure 2.

The LEAP model consists of the following five different modules: energy demand,
Energy Conversion, biomass energy, Environmental Impact Assessment, and Cost Analysis.
This paper utilizes the Energy Demand Analysis module of the LEAP model, with specific
calculations as shown in Formulas (10) and (11).

E=) o(Eps-Py-e) (10)
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C=)YE-fi (11)

where E represents the energy consumption of existing buildings in Anhui Province; Es
represents the energy consumption intensity of buildings; P represents the building area; e
represents the conversion coefficient of primary energy; b represents the building type; s
represents the terminal type; C represents the carbon emissions of buildings; E; represents
the corresponding classified energy consumption in building energy consumption; f;
represents the carbon emission factor corresponding to various types of energy; and i
represents the type of energy, including various types of fossil energy in primary energy
and electricity and heat in secondary energy.

Statistical Difference —

!

Madh

Conversion Module Analysi

!

Result Analysis —

Figure 2. Calculation structure diagram of LEAP model.

2.1.3. STIRPAT Model

In this study, considering that the reduction in emissions in buildings may be con-
strained by existing conditions, the STIRPAT model was chosen, which simulates relatively
small carbon emission reductions, as the analysis tool for the factors influencing building
carbon emissions. The Stochastic Impacts by Regression on Population, Affluence and
Technology (STIRPATs) model is derived from the IPAT equation [27]. Subsequently, York
et al. [28] proposed the STIRPAT model based on the IPAT equation. Its expressions are as
shown in Formulas (12) and (13).

I=PxAXT (12)

I=axP'xA°xT% xe (13)

where | represents environmental impact; P represents population size; A represents afflu-
ence; T represents technological level; a represents the model coefficient; b, ¢, d represent
the influence indices of the corresponding driving factors; and e represents the model error.

On the basis of the STIRPAT model, taking the logarithm of both sides of the equation
yields Formula (14):

InCgr = InKg + a1InP 4+ axInA + as3lnCg + aglnSg + asInEg + €1 (14)

where Cp represents carbon emissions during the operational phase of residential buildings;
KR represents the constant term; P represents permanent resident population; A represents
per capita GDP; Cr represents energy structure; Sg represents residential building area;
ER represents energy consumption per unit area of residential buildings; a1, ap, a3, a4, a5
represent the elasticity coefficients of each factor; and e represents the error term.
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2.2. Data Source and Model Validation

The research data is based on the “Anhui Statistical Yearbook 2006-2022” and the
“Study on Carbon Emission Factors of China’s Regional Power Grids 2023”, predicting
the population, urbanization rate, existing building area, building energy consumption
intensity, building energy structure, and carbon emission factors for Anhui Province from
2020 to 2060. A back-casting validation was performed using historical data from 2005 to
2015. Specifically, the LEAP and STIRPAT models were calibrated using data from 2005
to 2010, then simulated the energy consumption and carbon emissions of residential and
public buildings for the period 2011-2015. We compared these simulated results with
the actual values derived from the energy balance tables for the same years (2011-2015).
The results show good agreement as follows: the mean absolute percentage error for total
building carbon emissions is 4.8% for residential buildings and 5.6% for public buildings.

2.3. Population and Urbanization Rate

Under the baseline scenario, according to the main population development indicators
in the Anhui Province 14th Five-Year Plan for Urban Housing Development (hereinafter
referred to as the Plan), as depicted in Figure 3, it is projected that by 2025, the permanent
population of Anhui Province will reach approximately 61.8 million people, with an annual
increase of 150,000 people and an average annual growth rate of 0.25%. The average
annual growth rate of the permanent population decreases by 0.1% every five years, with
the average growth rate set at 0.15% from 2025 to 2030. According to data from the
#2016 Anhui Province Labor Employment and Social Security Development Report,” it
is projected that the population of Anhui Province will peak in 2037, reaching a peak
of 62.6316 million people. After reaching the peak, the population shows a declining
trend, falling to 61.7014 million people by 2060. The urbanization rate of Anhui Province is
referenced from the “ Anhui Province National Economic and Social Development 14th Five-
Year Plan and 2035 Vision Outline” and the “Research on Low-carbon Building Scenarios
and Policy Roadmaps in China”: in 2020, the urbanization rate is 58.33%, reaching around
62% by 2025, around 70% by 2035, around 80% by 2050, and around 85% by 2060.
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Figure 3. Forecast of resident population and urbanization rate under the baseline scenario.

2.4. Per Capita Building Area

The per capita building area indicator reflects the intensity of building stock and is also
one of the key factors affecting urban residential building energy consumption and carbon
emissions. According to the Plan, the per capita urban building area in Anhui Province
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is expected to reach 47.1 m? per person by 2025. According to the “Annual Development
Research Report on Building Energy Efficiency in China,” the urban residential building
area in China is expected to peak around 2030. The growth trend of per capita rural
residential building area is roughly the same as that of urban residential building area. The
specific values are shown in Figure 4.

80

Per capita rural residential building area
—— Per capita urban residential building area

w » [$)] D ~
o o o o o
T T T T

Per capita building area (square meters/person)

N
o
T

0 1 " 1 . 1 " 1 o 1 " 1

0 2010 2020 2030 2040 2050 2060
Year (year)

Figure 4. Predicted per capita building area under the baseline scenario.

2.5. Terminal Energy Intensity

Building terminal energy consumption intensity is influenced by various factors,
including living habits, policies, and the level of building energy-saving technologies.
In recent years, as living standards have improved, the demand for thermal comfort in
buildings has increased. In Anhui Province, a region with hot summers and cold winters,
the issue of winter heating has become more prominent. The use of air conditioners and
new heat pump systems has gradually increased building energy consumption. In summer,
the energy consumption for air conditioning, domestic hot water, and cooking has also
increased. Additionally, as living standards improve, the use of household appliances has
increased, further raising energy consumption. However, energy consumption for lighting
has decreased due to the promotion of energy-saving lamps.

The building energy consumption intensity in this paper is primarily based on data
from the annual “China Building Energy Efficiency Development Report” over the years.
Combined with historical development trends, Anhui Province’s economic development
level, and the relevant literature, various factors were comprehensively considered to
forecast and analyze energy consumption data for the next 40 years. Specific data can be
found in Table 1 [29-35].

Table 1. Development and prediction of terminal energy intensity of residential buildings under the
baseline scenario in Anhui Province.

2015 2025 2035 2060
Cooking (kWh/m?) 13.08 17.10 19.46 15.67
Mlumination (kWh/m?2) 5.6 448 3.53 1.92
Refrigeration (kWh/m?) 3.4 11.59 14.99 16.17

Hot Water (kWh/m?) 3.12 4.74 7.64 9.43
Heating (kWh/m?) 14.97 17.77 19.88 20.28

Other (kWh/m?2) 3.98 428 4.83 8.12

Rural Commodity Energy (kg/ m?) 8.90 13.35 16.02 16.02
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2.6. Decomposition of Terminal Energy Consumption and Carbon Emission Analysis

In the previous section, a top-down approach to preliminarily estimate the energy
consumption and carbon emissions of existing buildings in Anhui Province was used and
explored the trends in these emissions. The energy consumption and carbon emissions
of existing buildings in this region show significant spatial differences between the north
and south, with the Huai River as the boundary. These differences are not only reflected in
social scale factors such as the resident population and building area but also in economic
and urbanization rates. Moving forward, based on the total data of energy consumption
and carbon emissions from existing buildings in Anhui Province, we will use the terminal
energy consumption decomposition model to further break down these emissions into
the energy consumption and carbon emissions of each terminal category, enabling deeper
analysis. This will help us gain a more comprehensive understanding of the contributions
of each terminal to building energy consumption and carbon emissions, providing a more
detailed data foundation for future research.

As shown in Figure 5, a detailed analysis of the carbon emission flow from residential
buildings in Anhui Province in 2015 is conducted based on terminal decomposition. It is
evident that heating emissions are the highest among all terminals, encompassing both di-
rect and indirect emissions. Anhui Province, located in a region with hot summers and cold
winters, has a relatively short heating season, averaging about 2 months, with temperatures
typically ranging from 0 to 10 °C, and very few days below 0 °C. Therefore, residents in this
area rarely use centralized heating systems; instead, they prefer local heating devices such
as charcoal stoves, electric heaters, and split air conditioners, leading to a “part-time, part-
space” usage pattern. This results in higher energy consumption for heating in buildings.
As residents’ income levels rise, some high-income households may opt for boiler floor
heating, and some upscale communities have started to adopt centralized heating systems,
although these are still rare. Currently, the primary source of heating energy in Anhui
Province is electricity, with significant differences in winter heating energy consumption
among households with different income levels. The winter heating energy intensity for
most residential buildings ranges from 8 to 18 kWh/(m?-a). In addition to heating, the
other five terminals primarily consume energy sources such as electricity, coal, natural gas,
and liquefied petroleum gas. In Anhui Province, cooling terminals are similar to heating ter-
minals, mainly using split air conditioners and electric fans, which also follow a “part-time,
part-space” usage pattern, meaning the main energy consumption is electricity. Unlike
heating, although cooling terminals vary among households, they are more influenced by
residents’ living habits, including operating duration, time periods, and temperature, as
well as the time for opening windows for ventilation at night. Cooking terminals refer to
energy consumption during cooking activities. This part of energy consumption is mainly
related to lifestyle, energy type, and cooking appliance efficiency. China has a variety of
traditional cooking methods, such as stir-frying, boiling, steaming, and frying, each with
different energy consumption. For example, stir-frying and frying typically require higher
temperatures, potentially consuming more primary energy or electricity, while steaming
and boiling are relatively more energy-efficient. The energy consumption for cooking in
households has evolved from biomass energy, coal, liquefied petroleum gas (LPG), to piped
natural gas, and electric appliances like rice cookers, induction cookers, and microwave
ovens have become widely popular. Domestic hot water consumption refers to energy
consumption for meeting the domestic water needs of washing, cleaning, and drinking
within households. The differences in this area mainly stem from the living habits of
different households and the heat production efficiency of hot water devices. Currently,
the main types of hot water equipment in residential buildings include solar water heaters,
gas water heaters, and electric water heaters, with carbon emissions from these energy
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sources being both direct and indirect. Lighting terminals primarily consume electricity.
According to the survey results on lighting electricity use, the lighting energy intensity
in residential buildings in Anhui Province is approximately 5.6 kWh/m?. Other electrical
appliances, such as computers, televisions, washing machines, and refrigerators, mainly
consume electricity.

Figure 5. Terminal carbon emission flow of residential buildings in Anhui Province (2015). All energy
intensities are given in kWh/m?-a. Carbon flow percentages represent the share of total emissions for
each end-use. Direct versus indirect emissions are indicated by color, as shown in the legend.

3. Analysis of Factors Influencing Carbon Emissions
3.1. Ridge Regression Analysis

In time series prediction tasks, ridge regression (RR) [36,37] has become popular
because of its advantages in dealing with multicollinearity and simple modeling mech-
anism [38,39]. In this paper, the ridge regression coefficient K is set to 0~1, the step size
ins is set to 0.01, and the ridge regression program is run in SPSS V30.0 software, and the
ridge trace diagram of the STIRPAT model of residential building carbon emissions in the
construction field of Anhui Province is obtained, as shown in Figure 6.

It can be seen from the figure that the ridge traces of the five influencing factors tend
to be stable when the residential building is K = 0.4, and the analysis results after obtaining
the corresponding K values are shown in Table 2.

Table 2. Ridge regression analysis results of residential building carbon emission model in Anhui
Province (K = 0.4).

Non-Normalized Coefficients Normalization Factor
B Standard Error Beta t Sig
Constant 23.584 7.795 - 3.026 0.013
LnP —2.646 0.887 —0.070 —2.983 0.014
LnA 0.149 0.122 0.233 12.216 0.0000002
LnCE —1.465 0.158 —0.194 —9.293 0.000003

https://doi.org/10.3390/en19122910


https://doi.org/10.3390/en19122910

Energies 2026, 19, 2910 11 of 17
Table 2. Cont.
Non-Normalized Coefficients Normalization Factor
B Standard Error Beta t Sig
LnSR 0.455 0.040 0.254 11.359 0.0000005
LnER 0.465 0.042 0.276 11.167 0.0000006
Mult R 0.996
RSquare 0.981
Adj RSqu 0971
SE 0.04532
F value 23.2822
Sig F 0.002
06 = . LNP
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_g 041 o LNSR
9 I
o Y ’ . e
5 D2l
@ 01| °
4
2 00} #
=4 oS
-4 - &
% %%’%mm
n =02
-0.3 |
—0.4 L1 . 1 i 1 " 1 i I : 1
0.0 0.2 04 0.6 0.8 1.0

K

Figure 6. Ridge map of the regression of carbon emission model of residential buildings in An-
hui Province.

Get the STIRPAT model formula for residential buildings as shown in Equation (15)

InCg = 23.584 — 2.646InP + 0.149InA — 1.465InCg 4 0.455InSg + 0.465InEr  (15)

3.2. Analysis of Influencing Factors

Through the STIRPAT model and ridge regression analysis, the final expression of the
STIRPAT model for living in Anhui Province was obtained. As shown in Table 3, we can
intuitively understand the impact of each factor on carbon emissions, including whether
the impact is positive or not, and the extent of the impact.

Table 3. Factors influencing carbon emissions in residential buildings.

Effect of Energy
Effect on Resident  Impact Effect of Energy Strl.lcture Ef.fect o'f Intensity Consumption
. . Influencing Residential . [
Population GDP per Capita per Unit Building Area
Effects Floor Area . . PP
InP InA of Residential Buildings
InCE InSR
InER
—2.646 0.149 —1.465 0.455 0.465

(1) Demographic factors

The permanent population was selected as the influencing factor for analysis, and
the regression coefficient was —2.646. The negative effect of the demographic factor of
residential buildings is due to the fact that before 2010, the economic development of Anhui
Province was relatively lagging behind, at the level of the middle and lower reaches of the
country, and its economic strength was relatively weak. During this period, a large number
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of people chose to go out to work every year, resulting in a large annual loss of people,
which had a reduction effect on building carbon emissions.

(2) Economic factors

Per capita GDP and added value of tertiary industry were selected as influencing
factors, and the regression coefficient was +0.149. The economy stimulates energy con-
sumption and promotes the growth of carbon emissions.

(3) Technical factors

The impact of energy structure on residential construction is inverse, and the regression
coefficient is —1.465. The energy structure of building consumption in Anhui Province has
been continuously optimized, and the proportion of coal has decreased from 28.48% in
2005 to 0.45% in 2020. The proportion of electricity increased from 39.86% in 2005 to 59.01%
in 2020, and the carbon emission factor of electricity continued to decrease. The floor area
and unit energy intensity are positive, and the regression coefficients are +0.455 and +0.335
in residential construction.

4. Peak Prediction Analysis of Carbon Emissions from Residential
Buildings in Anhui Province

The scenario analysis that follows take into account to carbon emissions from all
civil buildings in Anhui Province. This aggregate comprises urban residential, rural
residential, and public buildings. The energy consumption and carbon emissions of these
three categories were aggregated into a single variable (total building carbon emissions).

4.1. Scenario Setting

(1) Benchmark Scenario: Using 2015 as the base year and based on the current socio-
economic development status of Anhui Province, this scenario mainly considers the
social development policies and energy-saving and emission-reduction technologies,
standards, and policy measures announced or implemented by the state and Anhui
Province. In this scenario, the key driving factors are the development goals of
the resident population and urbanization rate as planned, along with the rate of
change in energy consumption levels of existing buildings set according to the energy-
saving levels driven by future socio-economic development in Anhui Province, which
essentially reflects the development state under natural guidance.

(2) Green scenario: With a development positioning focused on green and sustainable
development, and building an ecological civilization city, new buildings will imple-
ment a 75% energy-saving standard by 2030, an 83% energy-saving standard by 2040,
and a standard of over 90% energy savings by 2050. For the renovation of existing
buildings, by 2025, the energy-saving renovation area of residential buildings will
account for 5% of the province’s residential buildings, 15% by 2045, and 25% by 2060.

(8) Regulatory Scenario: With the goal of achieving peak carbon emissions in the con-
struction sector by 2030, promoting high-quality green building development, and
accelerating the improvement of building energy efficiency as the development orien-
tation. New buildings will implement a 75% energy-saving standard by 2025, an 83%
energy-saving standard by 2035, and a 90% or more energy-saving standard by 2045,
with continued deepening of existing building renovations. Furthermore, the growth
of the permanent population in Anhui Province is constrained by macro-control fac-
tors such as food production and supply, birth rates, and death rates, with a larger
subsequent decline in population expected to reach a peak in 2033 and then drop
by 2060.
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(4) Blueprint Scenario: Based on the goal of carbon peak in the construction sector by
2030, accelerate the energy-saving retrofitting of existing buildings, implement green
buildings and renewable energy buildings on a large scale, achieving significant op-
timization in energy structure, industrial structure, and energy-saving levels, while
the modern service industry is fully developed. Low-carbon technologies achieve
breakthroughs, building energy-saving and emission reduction technologies become
more comprehensive and refined, and the promotion and training of energy-saving
knowledge receive widespread attention. The energy consumption methods of resi-
dents become more rational, the total regional population decreases further compared
to the controlled scenario, ultimately reflecting the socioeconomic development state
resulting from the combination of technological progress and policy guidance.

The specific settings of the implementation time for different energy-saving standards
in various situations and the percentage of energy-saving renovation areas for existing
buildings are shown in Tables 4 and 5.

Table 4. Execution time of different energy-saving standards under various scenarios.

Scenarios 75% Energy-Saving 83% Energy-Saving 90% Energy-Saving

Standard Standard Standard
Benchmark Scenario 2035 2045 2060
Green Scenario 2030 2040 2050
Regulatory Scenario 2025 2035 2045
Blueprint Scenario 2025 2030 2035

Table 5. Percentage of energy-saving renovation area of existing buildings in various scenarios.

Scenarios 2025 2045 2060
Benchmark Scenario 3% 10% 15%
Green Scenario 5% 15% 25%
Regulatory Scenario 10% 20% 40%
Blueprint Scenario 10% 25% 50%

4.2. Carbon Emission Analysis in Various Scenarios

Figure 7 illustrates that under the baseline scenario, total carbon emissions from
residential buildings in Anhui Province first increase rapidly, then rise more slowly, and
finally decline gradually. Peak emissions are expected to occur in 2036, with the total peak
carbon emissions from existing buildings reaching 49.4615 million tons of CO,—nearly
1.5 times that of 2015. Starting in 2036, carbon emissions from existing buildings will
gradually decline, reaching 41.7864 million tons of CO, by 2060, but still failing to meet the
“30-60” dual carbon target. In both the green scenario and the baseline scenario, the various
parameters are roughly the same. Under the assumption of only improving building energy
efficiency, the carbon emissions from existing buildings show a slight decrease, with the
peak time moved forward to 2031, but they still reach 36.6057 million tons of CO, by 2060,
making the carbon neutrality target still out of reach. In the regulatory scenario, after a
series of regulatory optimizations regarding population, urbanization rate, and energy
structure for buildings, the peak carbon emissions time is moved forward to 2030, achieving
the 2030 peak target in the “30-60” dual carbon target, with emissions in 2060 reduced
to 21.604 million tons of CO;. The blueprint scenario benefits from further control of the
resident population, stricter energy-saving policies, large-scale use of renewable energy, and
the promotion of comprehensive electrification in buildings, showing significant energy-
saving potential. After reaching peak emissions in 2025, they fall to 9.1869 million tons of
CO; by 2060.
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Figure 7. Carbon emissions from residential buildings in Anhui Province under each scenario.

4.3. Uncertainty and Sensitivity Analysis

A one-factor-at-a-time sensitivity analysis was conducted on the blueprint scenario by
varying the following three key parameters independently by £10% and +20%: (1) per-
manent population growth rate, (2) energy structure (proportion of electricity in terminal
energy), and (3) building energy intensity improvement rate. The results show that carbon
emissions in 2060 are most sensitive to energy structure (—1.8% to +2.1% change per 10%
change in electricity share), followed by energy intensity, while population has a lower
but non-negligible impact (approximately £1.2% per 10% change). The peak year (2025)
remained unchanged in all sensitivity runs, indicating the robustness of the blueprint
scenario’s peak timing.

5. Conclusions

This article applies the energy balance method and the LEAP model to calculate the
baseline scenario based on the current development status of Anhui Province. Using
the STIRPAT model, it analyzes the factors affecting carbon emissions from residential
buildings in Anhui Province from 2005 to 2020. After studying these influencing factors,
scenario parameters are established, and four different scenarios are set using scenario
analysis to propose implementation paths for residential building development suitable for
the conditions of Anhui Province.

(1) The permanent population and energy structure have negative effects on carbon
emissions from residential buildings in Anhui Province, recorded at —2.646 and
—1.465 respectively, with the permanent population being the main influencing factor.
Per capita GDP, building area, and energy consumption intensity show positive effects,
recorded at 0.149, 0.455, and 0.465 respectively.

(2) Combining scenario analysis with the LEAP model, four different developmental
scenarios are set to predict the peak time and peak amount of carbon emissions in the
construction sector of Anhui Province. Under the baseline scenario, carbon emissions
in the construction sector will peak in 2036 at 49.4615 million tons. In the green
scenario, carbon emissions will peak in 2031 at 46.5454 million tons. In the regulatory
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scenario, the peak will be reached in 2030 at 41.1905 million tons, but achieving
carbon neutrality by 2060 remains difficult. The blueprint scenario will peak in 2025
at 34.2929 million tons.

(3) The optimal implementation path for reaching the carbon peak in the construction
sector of Anhui Province should follow the blueprint scenario. By 2025, 10% of resi-
dential buildings should be retrofitted, while ensuring that new buildings meet 75%
of energy-saving standards; by 2030, the energy-saving standards for new buildings
should be raised to 83%; by 2035, standards for nearly zero-energy consumption
buildings should exceed 90%; by 2045, the retrofitting ratio of residential buildings
should increase to 25%; and by 2060, this ratio should reach 50%. At the same time,
the construction sector should continue to increase the utilization of renewable energy,
vigorously promote the electrification of buildings, improve energy use structures,
disseminate knowledge about building energy-saving, and enhance public awareness
of building energy efficiency.

Based on the aforementioned research conclusions, our study also has certain lim-
itations. Future research can be further conducted from the following perspectives:
(1) incorporating dynamic carbon emission factors for electricity based on grid decar-
bonization pathways; (2) adding embodied carbon from building materials using life-cycle
assessment (LCA); and (3) developing a spatially disaggregated model to capture intra-
provincial differences. It is worth noting that the policy recommendations presented in
this study (e.g., retrofit percentages, energy-saving standards, and renewable energy in-
tegration) are derived directly from the LEAP and STIRPAT model. These quantitative
results are intended to serve as scientific references for policy makers. However, the practi-
cal feasibility of implementing these recommendations depends on multiple real-world
factors—including economic costs, energy security, industrial structure, social acceptance,
technological maturity, and local grid infrastructure—which are beyond the scope of this
modeling study. Therefore, the proposed measures should be viewed as indicative targets
rather than prescriptive mandates. Further research integrating multi-criteria decision
analysis or detailed cost-benefit assessment is needed to validate practical feasibility. This
is another key direction for our future work.
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