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Abstract: The carbon emissions released from buildings are correlated with various factors in social
and economic systems. Thus, quantifying and then controlling those factors can decrease the release
of carbon emissions further. To quantify the influencing factors of the carbon emissions of residential
buildings in Yunnan Province in China, separately for urban and rural areas, this study adopted the
methods of utilizing the carbon emission factor and the LMDI model and combined them with the
carbon emissions data obtained from 2010 to 2019. Subsequently, with this model, the contribution of
each factor to the overall carbon emissions was quantified. The results demonstrate the following:
(1) the main factors influencing carbon emissions from residential buildings include the per capita
floor area, energy consumption per unit area, energy intensity effect, energy structure effect, urban-
ization rate, and population size. (2) For urban buildings, carbon emissions are negatively correlated
with the energy consumption per unit area, energy intensity effect, and energy structure effect, with
contribution values of 0.34, 0.27, and 0.05, respectively. Conversely, there is a positive correlation
with the per capita floor area, urbanization rate, and population size, with contribution values of 0.23,
0.11, and 0.01, respectively. (3) For rural buildings, carbon emissions are negatively correlated with
urbanization rate, energy intensity effect, and energy structure effect, with contribution values of
0.16, 0.15, and 0.14, respectively. Conversely, there is a positive correlation with the per capita floor
area, energy consumption per unit area, and population size, with contribution values of 0.29, 0.24,
and 0.02, respectively.

Keywords: LMDI model; carbon emission factors; civil building; energy consumption

1. Introduction

With the rapid development of the economy and society, the pace and magnitude
of climate change have far surpassed human expectations. Over the past century, Earth
has witnessed the most significant manifestations of global warming in history. Currently,
extensive discussions concerning the various social and environmental issues triggered
by global warming are being conducted. To address this pressing concern, the World
Meteorological Organization (WMO) and the United Nations Environment Programme
(UNEP) have established the Intergovernmental Panel on Climate Change (IPCC). Since
its inception, the IPCC has released six assessment reports on environmental matters,
primarily focusing on the challenges posed by climate warming. In 1992, the United
Nations Framework Convention on Climate Change was adopted, providing a foundation
for the implementation of relevant agreements by various countries worldwide.

In recent years, China has emerged as a leading contributor to global carbon emis-
sions. Since 2009, China has been releasing more than six billion tons of carbon dioxide
into the atmosphere annually, surpassing the United States as the world’s largest carbon
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emitter by 2016 [1]. Consequently, China is, at present, confronted with formidable chal-
lenges concerning energy scarcity, population growth, and environmental preservation.
To align their habits with international expectations and the demands of the era, energy
conservation and carbon reduction have become paramount concerns. In 2020, during
the United Nations General Assembly, China pledged to achieve a carbon peak by 2030
and carbon neutrality by 2060. China’s rapid urbanization process in recent years has
propelled the construction industry’s growth. Unfortunately, this development has created
various challenges, such as high energy consumption, significant carbon emissions, and
low energy efficiency. The construction sector presently accounts for roughly 40% of global
energy usage, with building-related carbon emissions constituting 36% of China’s total
emissions [2,3]. Alarming reports indicate that, in 2018 alone, China’s operational build-
ings were responsible for 21.9% of the nation’s total energy consumption, with residential
structures alone contributing to over 60% of carbon emissions. Given the current state of
the construction industry, achieving energy efficiency and emissions reduction play crucial
roles in meeting the 2030 and 2060 targets. The research suggests that the construction
sector possesses a carbon reduction potential of 74%, surpassing other industries [4]. Given
the severity of the situation in the construction industry, the adoption of energy conser-
vation and emission reduction measures will make a significant contribution to the early
success of China’s proposed carbon peak by 2030 and carbon neutrality by 2060.

The accurate prediction and calculation of future carbon emissions play pivotal roles
in shaping effective policies and planning for future developments, thereby making a sub-
stantial contribution to the achievement of the “30/60” goal. Recognizing the significance
of this endeavor, it is imperative to prioritize the prediction and calculation of carbon
emissions.

Carbon emissions accounting serves as the foundational prerequisite for efficiently
undertaking diverse carbon emission reduction initiatives and fostering a transition towards
creating a green economy. It constitutes a crucial aspect of an active engagement in
international climate change negotiations. Directly quantifying carbon emissions data,
carbon emissions accounting analyzes each link in the process, identifying potential areas
for emission reductions and strategies. This process is integral to achieving the “30/60” goal.
Presently, three internationally acknowledged models for carbon emissions accounting
exist: the emission factor, mass balance, and measured methods.

In 1996, the IPCC introduced the initial method for estimating carbon emissions,
known as the IPCC factorial inventory method (IPCC-FIM), which remains the most widely
employed approach to date. Subsequently, in 2006, the IPCC devised a corresponding
set of activity data and carbon emission factors for each emission source based on the
carbon emissions inventory list. Multiplying these two factors produces the estimated
value of carbon emissions. The fundamental principle underlying the material balance
algorithm is the conservation of mass, asserting that the level of input equals the level
of output. This method effectively reflects the actual emissions of the measured location.
The measurement technique relies on primary data acquired from field measurements
of the emission source, with relevant carbon emissions calculated using the aggregation
method. While this method yields precise results with minimal intermediary steps, it is
challenged by the difficulty and expense associated with the data acquisition process [5].
Table 1 presents a comparative overview of the carbon emissions accounting methods.

As indicated by the comparative analysis presented in Table 1, the material balance
method is commonly employed in research for calculating the level of emissions released in
industrial production processes and can serve as a means to verify the accuracy of the results
obtained through the use of other methods. On the other hand, the measured method is
more applicable to natural emission sources characterized by small areas, simple emission
sources, and the availability of firsthand detection data. Consequently, both the material
balance and measured methods may not be well-suited for carbon emissions accounting in
the construction sector. In contrast, the IPCC Factorial Inventory Method (IPCC-FIM) finds
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widespread application in the computation of carbon emissions associated with energy
consumption.

Table 1. Comparison of carbon emissions accounting methods.

Method Formula Features Input

IPCC-FIM

Em = AD × EF
Em—greenhouse gas

emissions, AD—activity
data, EF—emission factor

Simple, practical, and
applicable; carbon

emission factors are
regional

Emission factors;
activity levels

Material balance
method

ΣGinput = ΣGproduct + ΣGlose
Ginput—total, input material,
Gproduct—obtain the sum of

the product quantities,
Glose—total amount of

material and product lost

Reflects the actual
emissions, there are
errors, the workload

is large

Introduces new
chemical qualities;

facility or equipment
storage

Field measurement
method

G = KQC
G—emission of a gas,

Q—flow medium,
C—concentration of a gas in

a medium, K—unit
conversion coefficient

Accurate results and
high cost

Air flow; conversion
coefficient; emission

concentration

In response to this issue, researchers have undertaken comprehensive studies to
investigate the characteristics of changes in carbon emissions, the influencing factors, the
underlying mechanisms, and the contribution rates of diverse energy sources. Presently,
various methods are extensively utilized for the identification and analysis of factors
influencing carbon emissions from buildings. Notably, the index decomposition method,
IPAT model, and structural decomposition method stand out as effective and practical
approaches [6,7]. In this study, the identification and analysis methods used for influencing
factors of building carbon emissions, as delineated in Table 2, are compared with the
aforementioned three methodologies, drawing upon relevant information and literature.

At present, the analysis of the influencing factors of carbon emissions in the construc-
tion industry can be divided into the following two categories: the first is to calculate
carbon emissions by using the carbon footprint calculation method (I-O method) and
then decompose and analyze the influencing factors by using the structure decomposition
analysis (SDA) after obtaining the accounting results. The second method is to perform
calculations according to the macro-statistical data of relevant departments and then use
the logarithmic mean Divisia index (LMDI) decomposition method or relevant models,
such as IPAT series and STIRPAT models, to analyze the relevant influencing factors [8].

Table 2. Identification and analysis methods for influencing factors of building carbon emissions.

Model Tool Description Field Reference

Exponential
decomposition

method

Dillard and Laplace
index methods [6]
—LMDI (I and II)

Less requirements,
simple, solves 0 and

negative
problems [7],

analyzes direct
effects

The influence of
economy, energy

issues, and factors
on changes in

energy consumption
levels

Reema et al.
[9–12]

IPAT series
model

STIRPAT model;
Kaya

Improved
effectiveness and
reliability; cannot
analyze indirect

effects

Quantitative
description of

human driving force
and environmental

pressure

Cong et al.
[13–17]

Structure
decomposition

method

Tree structure,
matrix

decomposition,
flowchart

Indirect and direct
effects can be

analyzed

Economic growth
factors, labor, prices,

energy

Leontief et al.
[18–21]
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According to the comparison of the centralized methods presented in Table 2, it can
be observed that the decomposition methods of each factor present both advantages and
disadvantages. According to this practical problem, in order to produce more reliable
and rigorous results, most researchers generally combine the decomposition methods of
these factors. For example, in a study, Qi [2] combined the Kaya identity factor in the IPAT
model with the input–output method. Li et al. [22] used the extended Kaya identity factor
in the IPAT and STIRPAT models. Sun et al. [23] combined the Kaya identity factor in
the LMDI and IPAT models with the Tapio decoupling index method in the exponential
decomposition method. In another study, Tseng [24] used the LMDI to decompose the
carbon emission factors of Inner Mongolia, China, developed the decoupling index, and
analyzed the factors to assess the decoupling status. On the whole, it is more common
for scholars to combine the IPAT model with the LMDI in the exponential decomposition
method. The main reason for this step is that the LMDI solves any remaining problems
in decomposition scenarios and the problem of obtaining 0 negative values in the data.
Moreover, the IPAT model can improve the validity and reliability of the estimation results.
In view of this fact, according to the analysis of China’s construction industry, it can be
determined that this method is more suitable for the current status of China’s construction
industry.

In light of the summarized decomposition method used for determining the influ-
encing factors of carbon emissions, we obtained qualitative results. However, with the
amalgamation of influencing factors with the logarithmic mean Divisia index (LMDI), a
quantitative comparison of the impacts of various factors on carbon emissions becomes
feasible. Thus, in this study, employing this integrated approach, according to the existing
research, it can be observed that China lacks the use of quantitative methods for measuring
carbon emissions released from residential buildings. The distinctive climate of Yunnan
Province in China, characterized by its low-latitude plateau and mild conditions, engenders
unique living habits and practices among its residents. Consequently, it can be observed
that carbon emissions released from residential buildings in Yunnan Province exhibit vari-
ations when compared to other regions. Aligned with the relevant policies [25–27] and
amid rapid economic development and an escalating urbanization rate, the construction
sector has substantially contributed to the surge in carbon emissions. Finally, from the
perspective of energy structure, although Yunnan Province has long been dominated by the
coal industry, it is a region with a high total carbon sink, and the overall energy intensity
is not high. Yunnan Province is one of the pioneering low-carbon pilot cities in China,
emphasizing the paramount importance of energy conservation and emission reduction
initiatives.

2. Methodology

In order to predict the carbon emissions of Yunnan Province, this study first analyzed
the energy consumption and carbon emission levels of residential buildings in Yunnan
Province because no statistical data on building energy consumption levels in China’s
Energy Statistical yearbook were available. This study adopted the method based on the
energy balance table proposed by Hou et al. [28], in which the energy balance table for
Yunnan Province (physical quantity) was selected to calculate the energy consumption level
of each department. When quantifying the carbon emissions levels of residential buildings
in Yunnan Province, the carbon IPCC-FIM was adopted. The development trends of energy
consumption and carbon emissions levels of these residential buildings were subsequently
analyzed. Then, the LMDI model was established based on the Kaya identity, and the
factors leading to the change in carbon emissions released from residential buildings in
Yunnan Province were thoroughly explored. Finally, the influencing factors and trends were
determined. The flowchart representing the process adopted for this study is presented in
Figure 1.
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2.1. IPCC Factorial Inventory Method (IPCC-FIM)

At present, the carbon IPCC-FIM is the most widely used method for the purpose
of carbon emissions accounting. It is calculated according to the basic equation of carbon
accounting provided by the IPCC: greenhouse gas (GHG) emissions = activity data (AD) ×
emission factor (EF). This method is applicable to the macro-accounting levels of countries,
provinces, and cities. According to the comparative analysis presented in Table 1, it can be
concluded that neither the material balance algorithm nor the measured method is suitable
for carbon emissions accounting in the construction field. Therefore, this study adopted the
IPCC-FIM to successfully quantify the carbon emissions of residential buildings.

2.2. Determination of Carbon Emission Factors

The decomposition method used for analyzing the influencing factors of carbon emis-
sions commonly relies on the Kaya identity framework, originally proposed by Kaya in
1988. This identity dissects the elements contributing to variations in carbon emissions into
components, such as energy consumption, carbon emissions, economic factors, and popu-
lation. Subsequently, the Kaya identity framework was expanded to incorporate additional
dimensions, including carbon emission factors, energy structure, energy intensity, GDP,
and population. In this study, the LMDI model in the index decomposition method was
adopted to decompose the factors affecting the residential buildings under study.

To enhance the scientific and rational selection of carbon emission factors for residential
buildings, this study employed the IPCC factorial inventory method (IPCC-FIM) to calcu-
late the carbon emissions produced from 2010 to 2019. Subsequently, the study compiled
and summarized the relevant influencing factors from the existing literature [7,14,29–41].
Through a detailed analysis of the sources, compatibility of research content and method-



Buildings 2024, 14, 880 6 of 20

ologies, as well as the frequency of each factor, this study identified the characteristics of
carbon emissions from residential buildings. Building upon this stage, a logarithmic mean
Divisia index (LMDI) model based on the Kaya identity framework was established, con-
sidering three pivotal aspects: social development, construction, and energy. The research
method included a thorough investigation of factors influencing the changes in carbon
emissions released from residential buildings post-2010. This study thus aimed to provide
an in-depth analysis of the key factors influencing CO2 emissions as a result of energy
consumption in the studied region.

The construction sector is one of the three major sectors that produce carbon emissions.
After summarizing and analyzing the existing research, we determined that relevant schol-
ars studied the influencing factors of building carbon emissions from different perspectives
according to different models and analysis methods [24,42,43]. Table 3 presents the influ-
encing factors of CO2 analyzed using the LMDI method and the LMDI decomposition
model selects population, GDP, energy intensity, and energy structure as the four carbon
emission decomposition factors [44,45]. Finally, this study combined the specific factors
concerning Yunnan Province to determine the level of carbon emissions. The key factors
affecting building carbon emissions were divided into six areas and presented in Table 3.

Table 3. Key factors affecting building carbon emissions.

Key Factors Affecting Building
Carbon Emissions

Key Factors Affecting the Carbon Emissions of
Residential Buildings

Energy
Energy structure

Energy intensity

Social development
Population size

Urbanization

Architecture
Energy consumption per unit area

Per capita floor area

2.3. LMDI Decomposition Method

The exponential decomposition analysis was proposed by Ang and Zhang (2000) [46],
and it has since been widely used to perform “decomposition analysis” or “factorization
analysis”. Since some defects are present in the exponential decomposition analysis ap-
proach, an alternative method that produces decomposition results without leaving out
the remaining terms has been established and is suitable for use in situations that involve
many factors or influences. Prior to 1990, the decomposition analysis was mainly based on
the concept of the Raspel index. In the 1990s, there was a gradual shift to the use of the
Divisia index or, more specifically, to the arithmetic mean division index (AMDI) method
proposed by Boyd et al. (1988) [47]. Since 2000, the most popular IDA method in the field
is the log-average division index (LMDI).

The LMDI decomposition method is a branch of the IDA (index decomposition anal-
ysis). Its characteristics include a full decomposition ability, no residual errors, easy use,
and unique results. The IDA was first used by researchers to perform an industrial electric-
ity analysis in the early 1980s and has since been widely used for energy and emissions
research. A review of studies conducted on the use of the IDA shows that the share of
articles using the LMDI decomposition method has been increasing, a trend that suggests
that the LMDI may further increase its dominance in the field over time. Therefore, this
study selected the LMDI factor decomposition method to analyze the driving degree of the
influencing factors on civil building carbon emissions.

1. Computing method:

LMDI decomposition methods include two different types: LMDI-I and LMDI-II. The
difference between the two methods is the weight formula used. Therefore, in general
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applications, there is no strong preference for one method, but, in some specific applications,
subtle differences between the LMDI-I and LMDI-II can be observed, and these differences
can determine the user’s choice. According to the existing literature, LMDI-I is more widely
used than LMDI-II, partly because it has a simpler formula.

2. Decomposition program:

Once either the aggregate metric (quantity or strength) or the decomposition analysis
procedure (addition or multiplication) has been selected, the results produced using LMDI-
I and LMDI-II are quite similar. For LMDI-I and LMDI-II, the decomposition analysis
problem can be expressed by either an addition or multiplication approach. The addition
decomposition analysis is generally used to decompose the arithmetic (or difference) change
in an aggregate indicator (such as total energy consumption), and the aggregate change
and decomposition results are presented in physical units, which are applicable to the
decomposition of the total indicator, such as total energy consumption. In the multiplicative
decomposition analysis, the ratio change in the aggregate index is decomposed and the
result is represented by an exponent [48]. However, for the determination of base year data,
the addition model is more convenient [49].

3. Aggregate index:

The LMDI includes both quantity and intensity indexes. The quantitative indicator
measures the absolute level of energy consumption and, when decomposing the change in
the quantitative indicator, separately specifies the activity effect and estimates its impact
on energy consumption levels. The strength indicator has the connotation of “energy
efficiency” but does not include this definition. The choice to use quantitative and intensity
indicators may be independent of the choice to employ the decomposition method, and,
in some cases, the context of the study determines the preferred type of indicator. For
example, when observing the changes in carbon dioxide emissions, quantitative measures
are more likely to be adopted, while studies focusing on “energy productivity” may prefer
to use intensity measures.

Since our research was mainly concerned with carbon emissions, it was more suitable
to use the LMDI-I addition decomposition model to separate the influencing factors of total
carbon emissions after performing a comparative analysis. The overall idea of the LMDI
decomposition method is as follows [6,43,50]:

Suppose V is the target variable, xn is a variable that affects V, and each variable has i
branches [7]:

V = ∑
i

Vi = ∑
i

x1,ix2,i · · · xn,i (1)

Suppose that V varies between V0 and VT during the time period 0-T; the total change
can be decomposed into:

∆Vtot = VT − V0 = ∆Vx1 + ∆Vx2 · · ·+ ∆Vxn (2)

The multiplication decomposition form is:

Dtot =
VT

V0 = Dx1 Dx2 · · · Dxn (3)

Formulas (2) and (3) can be further decomposed as follows:
The addition decomposition form is as follows:

∆Vxk = ∑
i

(
VT

i , V0
i

)
ln

(
xT

k,i

x0
k,i

)
= ∑

i

VT
i − V0

i
ln VT

i − ln V0
i

ln

(
xT

k,i

x0
k,i

)
= ∑

i

VT
i − V0

i
ln VT

i − ln V0
i

ln

(
xT

k,i

x0
k,i

)
(4)

The multiplicative decomposition form is as follows:
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DXK = exp

(
∑

i

L
(
VT

i , V0
i
)

L(VT , V0)

)
ln

(
xT

k,i

x0
k,i

)
= exp

∑
i

(VT
i ,V0

i )
(ln VT

i −ln V0
i )

(VT , V0)(ln VT − ln V0)

ln

(
xT

k,i

x0
k,i

)
(5)

2.4. Evaluated Model of the Carbon Emission Factor

This study combined the LMDI index decomposition method and combined with
the research object: residential buildings in Yunnan province. The decomposition model
of residential buildings carbon emissions in Yunnan Province and their carbon emissions
characteristics was comprehensively constructed. The source of relevant data for carbon
emissions was obtained from the previous section in this study, and the measurement
period ranged from 2010 to 2019 according to the actual situation. The relevant expression
is as follows:

C = Cz + Cr (6)

Cz = ∑
i

Czi
Ezi

·Ezi
Ez

·Ez

Sz
·Sz

Pz
·Pz

P
·P = ∑

i
Yi·Uz·Az·Mz·Dz·P (7)

Cr = ∑
i

Cri
Eri

·Eri
Er

·Er

Sr
·Sr

Pr
·Pr

P
·P = ∑

i
Yi·Ur·Ar·Mr·Dr·P (8)

where subscript i represents different forms of energy, such as coal, oil, and natural gas; z
represents urban residential buildings; and r represents rural residential buildings. This
refers to the quantification of different factors, such as energy intensity, and the factors
affecting energy intensity include coal, oil, and natural gas, where i refers to the factors
affecting the energy intensity, and Y is the specific quantification of these influencing factors.
In order to clarify the relationship between the relevant variables, refer to Table 4.

Table 4. Meanings of indicators.

Variable Definition

C Total carbon emissions for all types of buildings
E Total energy consumption for all types of buildings
S Floor area
P Population size effect

Yi =
Ci
Ei

Carbon dioxide emission coefficient of i energy, that is, the energy intensity effect

U = Ei
E

Represents the proportion of i energy in building energy consumption, that is, the
effect of the energy structure

A = E
S

Represents energy consumption per unit building area, that is, the energy
intensity effect of a building area

M = S
Pi

Represents the per capita living area, that is, the per capita building area effect

D = S
Pi

Proportion of urban and rural populations in the total population, that is, the
urbanization effect

As the addition decomposition in the LMDI is used for the decomposition of influ-
encing factors, total carbon emissions are regarded as the comprehensive change effect
and expressed by ∆C. The carbon emissions for the base period are set as C0. The carbon
emissions value for period t is Ct; the formula is as follows:

∆C = Ct − C0 (9)

The comprehensive change effect of civil buildings is:

∆C = ∆CzY + ∆CzU + ∆CzA + ∆CzM + ∆CzD + ∆CzP + CrY + ∆CrU + ∆CrA + ∆CrM + ∆CrD + ∆CrP (10)
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Taking urban residential buildings as an example, we further decomposed the formula,
and the contribution value expression of each factor is as follows:

∆CzN = ∑
i

Ct
zi − C0

zi
ln Ct

zi − ln C0
zi
·ln Nt

i
N0

i
(11)

where N = Y, U, A, M, D, P; i = z, c, i.
If a value of 0 is obtained, replace it with a minimum value, which does not affect

the decomposition result. This study used a value of 10−10. The decomposition of rural
residential buildings was similar to that of urban residential buildings.

The abovementioned factors were classified into the following six categories according
to their meanings:

(1) Energy intensity effect, ∆CzY, ∆CrY, indicates the impact of the carbon dioxide
emission coefficient on carbon emissions. Since the emissions factor of fossil energy
in the study remained unchanged, the change generated by this effect was mainly
attributed to the change in the annual power carbon emission factor, that is, the change
in carbon emissions caused by the factors of power generation efficiency and power
generation structure;

(2) Energy structure effect, ∆CzU , ∆CrU , indicates the impact of various energy consump-
tion levels on building carbon emissions;

(3) Building area energy intensity, ∆CzA, ∆CrA, indicates the change in carbon emissions
caused by the energy consumption per unit area;

(4) Per capita building area effect, ∆CzM, ∆CrM, indicates the change in building car-
bon emissions caused by a population increase or decrease per unit of residential
building area;

(5) Urbanization effect, ∆CzD, ∆CrD, indicates the change in building carbon emissions
caused by a city in the process of urbanization;

(6) Population size effect, ∆CzP, indicates the impact of building carbon emissions caused
by the factors of population growth or reduction;

2.5. Calculation Method for Carbon Emission Contributions

In order to obtain the influence degree of each factor on the total effect, the cumulative
contribution rates of each factor were calculated separately. First, the absolute values
of the carbon emissions of the influencing factors obtained using the LMDI-I additive
decomposition model used in this study were calculated, and then the total effect was
determined by summing all the factors. Finally, the contribution rates of the six influencing
factors were calculated, and the calculation formula employed is as follows:

∆CX =|∆CzY|+|∆CzU |+|∆CzA|+|∆CzM|+|∆CzD|+|∆CzP| (12)

I =
|∆CzN |

∆CX
(13)

where X = Z, R, where Z represents urban buildings and R represents rural buildings. N =
Y, U, A, M, D, P. I represents the cumulative contribution of each influencing factor to the
total effect.

3. Results and Discussion

According to the direct data obtained from the relevant statistical systems, such as the
China Statistical Yearbook and China Urban and Rural Construction Statistical Yearbook,
the gross area of residential buildings in Yunnan Province was calculated by consulting the
relevant documents and yearbooks, and then, according to the energy balance sheet, the
IPCC-FIM was used to calculate the total carbon emissions from residential buildings’ en-
ergy consumption levels in Yunnan Province from 2010 to 2019, and the carbon dioxide gas
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generated by various energy consumption practices during the production and operation
stages. Finally, the influencing factors were quantified.

3.1. Energy Consumption and Carbon Emissions of RESIDENTIAL BUILDINGS in
Yunnan Province

Based on the IPCC-FIM, this study first calculated the energy consumption and carbon
emissions levels of residential buildings in Yunnan Province. On the basis of the carbon
emission calculation results, the main factors affecting the carbon emissions from these
residential buildings were screened from qualitative and quantitative perspectives. Then,
by using the LMDI index decomposition method, the factors affecting the residential
buildings in Yunnan Province were thoroughly decomposed, and then these factors were
disassembled and analyzed to determine the main factors affecting the residential buildings
in Yunnan Province.

Using the IPC-FIM and Equations (6)–(8) to analyze the related energy consumption
and carbon emissions levels, the following results were obtained in Table 5:

Table 5. Energy consumption and carbon emissions.

Year Urban Residential
Buildings

Urban
Proportion

Rural Residential
Buildings

Rural
Proportion

Civil Building
Area

2010 6.45 34% 12.49 66% 18.94
2011 7.49 40% 11.23 60% 18.71
2012 8.57 42% 11.63 58% 20.21
2013 9.81 45% 11.86 55% 21.67
2014 11.04 48% 12 52% 23.04
2015 12.54 50% 12.78 50% 25.32
2016 14.19 51% 13.41 49% 27.6
2017 15.67 55% 12.67 45% 28.35
2018 17.32 58% 12.66 42% 29.98
2019 19.12 55% 15.68 45% 34.79

It can be observed in Figure 2 that, with the expansion of urbanization and the
improvement of economic strength in Yunnan Province, as well as the improvement of
residents’ requirements for housing standards, the civilian residential floor area in Yunnan
Province presents a rapid growth trend, among which the urban residential area has the
fastest growth rate (from 645 million square meters in 2010 to 1.912 billion square meters
in 2019, with a total increase of 299.1%). At the same time, the urbanization rate of the
province significantly improved. The rate of urbanization in Yunnan Province not only
promotes the growth of civil residential building areas, but also results in the increase in
the corresponding number of energy-using equipment, which ultimately directly affects
the energy consumption and carbon emissions of civil buildings in Yunnan Province.
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Among the per capita living area, the urban per capita living area depicted the highest
increase, with an average growth rate of 11.21%. According to the phenomenon of the
rapid growth of urban and residential living areas, Yunnan Province presented remarkable
results for the considerable promotion of new urbanization development measures, and
residents’ living standards also further improved.

Upon analyzing the energy consumption patterns depicted in Figures 3–5, it can be
observed that the overall energy consumption level of residential buildings in Yunnan
Province is relatively stable. Figure 3 reveals that, concerning the trend in building usage,
rural residential constructions have witnessed a gradual increase, albeit at a relatively slow
pace. The functional intensity of urban residential buildings has consistently fluctuated in
the range of 2–3 kgce/m2, as illustrated in Figure 3. When examining Figure 4, it becomes
evident that, from 2010 to 2019, electricity consistently holds the largest proportion in the
energy mix, with evidence of a year-over-year increase. Conversely, Figure 5 demonstrates
a noteworthy resurgence of coal use, which, despite holding the second-largest share in the
energy consumption sector, decreased from 29% to 18% over the decade. The contributions
of natural gas and oil to residential building energy consumption practices are relatively
low, exerting a minimal impact on the overall energy consumption level. In 2019, the total
energy consumption for civil buildings in Yunnan Province amounted to 10.19 million
tons. Specifically, urban and rural residential buildings consumed 4.05 and 6.14 million
tons of standard coal, respectively. The growth rate of energy consumption for urban
residential buildings was 0.92%, indicating the use of effective carbon reduction measures
and the successful implementation of government energy-saving initiatives. Conversely,
rural residential buildings experienced a growth rate of 6.3%, underscoring the need for
strengthened energy conservation and emission reduction policies in rural areas when
compared to their urban counterparts.
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Figure 3. Energy consumption and proportion of civil buildings.
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Figure 5. The proportion of all types of energy consumption in residential buildings.

The carbon emissions values can be observed in Figures 6–8; the general characteristic
of the residential buildings in Yunnan Province is a “small increment and not obvious
upward trend”. As shown in Figure 6, the carbon emissions released from 2010 to 2012
present in a gentle upward trend, and from 2013 to 2018, a fluctuating downward trend
is evident. Compared with 2018, the carbon emissions increase again in 2019. From the
perspective of building types presented in Figure 7, it can be observed that the carbon
emissions from rural residential buildings present an increasing trend, but the growth rate is
relatively flat, with an average value of 1.5%. The carbon emissions from urban residential
buildings present a downward trend. From the perspective of different energy types, coal
and electricity produced the highest carbon emissions, and the two contributed more than
90% of the energy consumption. However, from the perspective of their development
trends presented in Figure 8, it can be observed that, prior to 2015, the carbon emissions
produced as a result of coal consumption were less than by electricity consumption, and
the proportion constantly increased. With the continuous adjustment of energy policies in
Yunnan Province, the trend change in carbon emissions produced from electricity and coal
use was relatively stable. From 2010 to 2019, the proportion of coal energy consumption
decreased significantly, the proportion of electricity energy consumption increased steadily,
and the proportions of oil and natural gas energy consumption fluctuated between 4% and
6% and 0.4% to 1%, respectively. From the current development trend, one can observe
that the coal energy level in Yunnan Province still occupies the leading position concerning
carbon emissions, but the overall trend is the energy electrification and low carbonization
of the primary energy structure.
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Figure 6. Calculation of carbon emissions from all types of civil buildings.
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Figure 7. Change in energy intensity levels of residential buildings.
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Figure 8. Proportion of carbon emissions from various energy sources in residential buildings.

3.2. Quantification of Carbon Emission Factors

In the preceding section, we delineated the changing trend in building carbon emis-
sions in Yunnan Province, revealing a discernible increase. Nevertheless, the underlying
factors influencing the carbon emissions from these buildings remain unclear. Building
upon the methodology outlined in the previous chapter, this study endeavored to quantify
the carbon emission factors of residential buildings located in Yunnan Province.

Figures 9 and 10 were derived using calculations performed using Equations (9) and
(10), as detailed in Section 2. Figure 9 illustrates the contribution value and cumulative
factor degree of civil buildings in Yunnan Province. The analyses of the annual contribution
degree and contribution value of the relevant factors provided the following insights:

(1) Overall, the collective influence of the six factors on the carbon emissions of civil
buildings in Yunnan Province predominantly exhibited a promotion rather than
inhibition of these emissions. The most significant factor contributing to the reduction
in carbon emissions from these residential buildings was the energy intensity effect,
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registering a cumulative contribution value of −4.71 MTCO2 (million tons of carbon
dioxide) in 2019, equating to a cumulative contribution of 214%.

(2) The primary factors that positively contributed to the increase in carbon emissions
from residential buildings were the per capita floor area, followed by the energy
intensity of the floor area, with the population size exerting the least influence.

(3) The main factors that inhibited the carbon emissions growth of residential buildings
were energy intensity, followed by energy structure, and finally, urbanization.
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Figure 9. Contribution values of civil construction factors: (a) cumulative and (b) annual contribu-
tions (unit: million tons of CO2). 

Figure 9. Contribution values of civil construction factors: (a) cumulative and (b) annual contributions
(unit: million tons of CO2).
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The different types of civil residential building carbon emission factors were different.
According to the abovementioned scenario, based on Equations (12) and (13) in Section 2,
the cumulative contribution value and contribution degree of building factors affecting the
change in carbon emissions from urban and rural residential buildings in Yunnan Province
were respectively discussed. The annual factor contribution degree and contribution value
were analyzed in Figure 10, according to which the following conclusions were drawn:

(1) In summary, the factors influencing the variation in carbon emissions from residential
buildings in Yunnan Province include the energy intensity effect of the building area
and the energy intensity effect. Both the energy intensity effect and energy structure’s
impact are inhibitory in both urban and rural residential buildings. Notably, the
energy effect of the floor area plays a contrasting role in urban residential buildings
compared to rural residential buildings.
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(2) Figure 10 illustrates that the comprehensive impact of influencing factors on urban
residential buildings, obtained with the additive decomposition method, exhibits a
U-shaped pattern in its effect on carbon emissions.

(3) The cumulative contribution rates of the six influencing factors can be determined
as follows: urban building carbon emissions exhibit a negative correlation with the
energy consumption per unit area, energy intensity effect, and energy structure effect,
as depicted in Figure 11, with contribution rates of 0.34, 0.27, and 0.05, respectively. In
contrast, it demonstrates a positive correlation with the per capita construction area,
urbanization rate, and population size, with contribution rates of 0.23, 0.11, and 0.01,
respectively.

(4) For rural residential buildings, the comprehensive effect of the factors obtained using
the addition decomposition method presents an inverted “M”-type change in carbon
emissions levels. The reasons for this phenomenon are as follows: the most significant
factor inhibiting the growth of carbon emissions is the urbanization effect, which
contributes −2MTCO2 at a contribution rate of −168.77%. The per capita floor area
and energy intensity effect of the floor area play a major role in promoting the carbon
emissions from buildings, contributing 2.46MTCO2 in the period from 2010 to 2019,
and the cumulative contribution rate was 72.89%. According to Equations (11) and
(12), the cumulative contribution rates of the six influencing factors can be successfully
obtained. The urbanization rate, energy intensity effect, and energy structure effect
are negatively correlated, and, as shown in Figure 11, the contribution rates are 0.16,
0.15, and 0.14, respectively. On the contrary, they are positively correlated with the
per capita building area, energy consumption per unit area, and population size, with
contribution rates of 0.29, 0.24, and 0.02, respectively.
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3.3. Disscussion

The empirical results show that the carbon emissions in Yunnan Province present an
increasing trend. This conclusion is consistent with the results achieved by many studies
conducted in the past [51–53]. This result means that the series of rigid carbon reduction
policies introduced by the Chinese government during the 13th Five-Year Plan period have
had a significant effect on curbing carbon dioxide levels. These policies include “the 13th
Five-Year Comprehensive Work Plan for Energy Conservation and Emission Reduction
(2017)” [25] and several measures to promote the high-quality development of the construc-
tion industry in Yunnan Province (Yun Jian Jian (2022) No.44) [26], the “Guiding Opinions
on Energy Work in 2016” [54], the “Notice on Accelerating the promotion of Green Build-
ings” [55], the “Measures for the Management of Renewable Energy Building Application
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Demonstration Projects” [56], the “Notice on the Implementation of National Action on
Energy Conservation and Emission Reduction” [57], the “Notice on the implementation of
energy-saving building demonstration projects” [58], and the “Yunnan Province Industrial
Energy Efficiency Improvement Action Plan (2019–2020)” [59].

In this study, from the perspectives of energy, society, and architecture, the changes
that occurred mainly referred to the methods of energy use in Yunnan Province, the changes
in population growth, and the changes in building energy use. We determined that the
reasons for such changes were as follows: from the change in energy in 2010, Yunnan
Province mainly used coal for power generation purposes. Later, because the national
and local governments vigorously promoted the utilization of local wind energy and
hydropower resources in Yunnan, its power generation mode gradually changed to wind
power and hydroelectric power. From the perspective of social development, although the
total population is still increasing, it only increased by 1.1 million over ten years, with a
low average annual growth rate, so the change in carbon emissions was not significant.

In terms of the energy intensity per unit area, for urban residential buildings, carbon
emissions were reduced due to the increase in the proportion of renewable energy gen-
eration. Adopting the appropriate measures to slow down the increase in the per capita
floor area can help to control the carbon emissions of urban residential buildings in Yunnan
Province. In rural residential buildings, due to the improvement of the residents’ quality of
life, the use of electricity has increased, resulting in the increasing energy consumption per
unit area by rural residents.

4. Conclusions

In this study, the IPCC factor inventory method (IPC-FIM) was used to quantify the
carbon emissions from residential buildings in Yunnan Province and to analyze the energy
consumption and carbon emissions development trend of residential buildings. Firstly,
the factors affecting carbon emissions change were determined using the Kaya identity
framework; then, the obtained data concerning social development, construction, and
energy in Yunnan Province from 2010 to 2019 were analyzed. Based on the analysis results,
we established an LMDI model of Yunnan Province, and the key factors and influence
degree of carbon emissions from the residential buildings in Yunnan Province were finally
obtained. The conclusions we reached are as follows:

1. The main factors influencing carbon emissions in residential buildings include the per
capita floor area, energy consumption per unit area, energy intensity effect, energy
structure effect, urbanization rate, and population size.

2. For different types of residential buildings, due to different energy use structures,
different factors have different influence trends and ranges on different types of
buildings, and the same influencing factors also play different roles. Among them, the
overall factors that play a role in promoting carbon emissions, ranging from highest to
lowest, are the per capita floor area, energy consumption per unit area, and population
size, and the influencing factors that play a role in inhibiting carbon emissions, ranging
from highest to lowest are the energy intensity effect, energy structure effect, and
effect of urbanization.

3. Among the abovementioned influencing factors, carbon emissions from urban build-
ings can be negatively correlated with the energy consumption per unit area, energy
intensity benefit, and energy structure effect, and their contribution degrees are 0.34,
0.27, and 0.05, respectively. The effects of per capita floor area, urbanization, and
population size are positively correlated, and their contribution degrees are 0.23, 0.11,
and 0.01, respectively.

4. Carbon emissions in rural buildings are negatively correlated with the effects of urban-
ization, energy intensity benefits, and energy structure, and their contribution degrees
are 0.16, 0.15, and 0.14, respectively. Per capita floor area, energy consumption per
unit area, and population size effects were positively correlated, and their contribution
degrees were 0.29, 0.24, and 0.02, respectively.
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5. When quantifying carbon emissions, the energy balance table can be used to perform
the calculations, which may overlook the real building energy consumption values.
In the future, with the improvement of technology, more appropriate research data
can be used. More than one method was available for selecting the appropriate
influencing factors in this study, and other methods can be used to determine the
relevant influencing factors in the future.
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Abbreviations

IPCC-FIM IPCC factorial inventory method

IPAT
Regarding environmental impact (I), population (P), affluence (A), and
technology (T)

LMDI Logarithmic mean Divisia index decomposition method
SDA Structure decomposition analysis
GHG Greenhouse gas
C Total carbon emissions of all types of buildings
E The total energy consumption of all types of buildings
∆CzU , ∆CrU Energy structure effect (z represents urban; r represents rural)
∆CzA, ∆CrA Building area energy intensity (z represents urban; r represents rural)
∆CzM, ∆CrM Per capita building area effect (z represents urban; r represents rural)
∆CzD, ∆CrD Urbanization effect (z represents urban; r represents rural)
∆CzP Population size effect (z represents urban)
S Floor area
P Population size effect
STIRPAT An extension of the IPAT model
Yi =

Ci
Ei

Carbon dioxide emissions coefficient of i energy, that is, the energy intensity effect

U = Ei
E

Proportion of I energy in building energy consumption, that is, the effect of the
energy structure

A = E
S

Energy consumption per unit building area, that is, energy intensity effect of the
building area

M = S
Pi

Represents the per capita living area, that is, the per capita building area effect

D = S
Pi

Proportion of urban and rural populations in the total population, that is, the
urbanization effect

∆C Total carbon emissions
C0 Carbon emissions from the base period
Ct Carbon emissions in period t
∆CrY Energy intensity effect (z represents urban; r represents rural)
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