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Abstract

To identify the impact of carbon emissions in the construction industry on the society and economy at a regional scale is
of great significance for the sustainable development of the construction industry. Taking Shandong, China, as an example,
this study uses a process-based carbon emission assessment method to calculate the carbon emissions of the construction
industry in Shandong from 2010 to 2020. Based on specific situations at different phases, ten major factors affecting the
society and economy have been analyzed and identified. Then, the Seemingly Uncorrelated Regression (SUR) model was used
to analyze carbon emissions and economic and social factors at each stage. The results show the following: (1) The overall
carbon emissions of the construction industry in Shandong are on an increasing trend, the carbon emission intensity is on a
decreasing trend, and the material production and operation stages are the main source of carbon emissions; (2) There is a
significant relationship between carbon emissions in the construction phase and all influencing factors, so it should be the
main phase for macro-regulation; (3) Unlike in the Ordinary Least Square (OLS) model, the error terms of the gross output
value of the construction industry and the total turnover of the main building materials equations are independent; however,
there is an interaction between the error terms of the remaining equations. The results provide a theoretical reference for
governmental departments to set up environmental targets and make policy regulations.

Keywords Economic and social impact - Carbon emissions - Construction industry - Regional scale - SUR model -
Shandong

Nomenclature GOVC Gross output value of the construction industry

ADF Augmented dickey-fuller LCA Life cycle assessment

ANPC  Average number of persons engaged in construc- LCSA Life cycle sustainability of buildings assessment
tion activities OLS Ordinary least square mode

AWC  Average wage of construction workers OMPI  Operation and maintenance price index

CECI  Carbon emissions in the construction industry PHG Proportion of households with a green landscape

CEI Carbon emission intensity in the community

CRE Construction industry research and experimental PIBH  Price index of building materials and hardware
development funds RMSE Root mean squared error

ECPA  Energy consumption per unit construction area PROV  Profit rate of output value

GNP Gross national product SUR Seemingly uncorrelated regression model

TTB Total turnover of primary building materials
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extreme weather, and seawater acidification. At the 2015
Paris Climate Conference, many countries agreed to commit
to reducing domestic carbon emissions (UNFCCC 2015).
Also at the conference, China renewed its commitment to
reaching carbon peaking by 2030; in fact, it has worked to
achieve this goal ahead of schedule (B Li et al. 2020a, b).
It is shown that CO, emissions from the construction sec-
tor account for 27.9-34.3% of the total carbon emissions in
China (Shi et al. 2017), and so it is a crucial industry and
has great potential for carbon reduction in China (Lin and
Liu 2015; Hossain and Poon 2018; Guo et al. 2019). While
consuming a large number of natural resources and energy
throughout the whole process, the construction industry gen-
erates a large amount of pollution, which has imposed an
impact on the economic and social development to a certain
extent. Unfortunately, few studies have explored such impact
from the construction industry.

As a country with extensive and diversified geographical
areas, China sees large differences in economic levels and
energy structures among its provinces. Therefore, carbon
emission reduction in the construction industry and the eco-
nomic and social development are a complex and systemic
issue. By analyzing the influencing factors of carbon emis-
sions in the construction industry at the provincial level,
some researchers have found certain relevant and realistic
relationship (Li et al. 2015). Most scholars have focused on
carbon emission calculation methods to search for carbon
emissions’ impact factors, but few have paid attention to the
systematic analysis of the impact of carbon emissions in the
construction industry (CECI) on the economy and society
at the provincial level (Xie 2014; Wang et al. 2017; Du et al.
2019b). Given that as early as in 2009, the Chinese govern-
ment had pledged that by 2020, it would reduce its CO,
intensity per unit of GDP by 40-45% from the level in 2005
(Zhou et al. 2013). This study would calculate the carbon
emissions of the construction industry in Shandong Prov-
ince during 2010-2020 by making a reference to the process
analysis method proposed by Zhang and Wang (2017). In
addition, through literature review and expert interviews,
this study has finally identified ten leading factors that influ-
ence the economy and society through carbon emissions
at different stages. Subsequently, by using the augmented
dickey-fuller (ADF), the cointegration test, and the SUR and
OLS comparison analysis, this study reveals the impact of
carbon emissions on the economy and society in the whole
life cycle of the construction industry.

The novelties and contributions of this study can be sum-
marized as follows: (1) In the process of carbon emission
calculation for buildings, the impact of carbon emissions
on the economy and society at each stage is deeply explored
and analyzed through literature review, expert interviews,
and conversion of the impact factors into data-available
ten indicators to facilitate scientific data analysis. (2) In
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each regression equation, both the existence of a specific
correlation between the dependent variables and the exist-
ence of certain random perturbation factors are considered,
with a SUR model established. As a result, the influence of
uncertainties is reduced and the accuracy of the outcomes
is improved; and (3) by using model analyses, this study
clarifies the impact of carbon emissions on the economy and
society as well as the linkages between them at each stage.
The results of this study can help the Shandong government
and related departments understand the state of CECI of the
province, while providing theoretical references for macro-
regulation and target setting.

Literature review

Currently, the research on carbon emission calculation can
be divided into three main patterns, top-down, bottom-up,
and hybrid of the two (Du et al. 2019a). The main idea of
the top-down calculation method is to start from a general
objective and then decompose it into as much detailed data
as possible, so as to build a systematic model. This method
is widely used at the macro level. The most usual example
of this method is the input—output approach. For instance,
Nassen et al. (2007), Acquaye and Duffy (2010), and Chen
et al. (2017) have calculated the CECI in Sweden, Ireland,
and China, respectively, by using the top-down input—out-
put approach, finding that indirect carbon emissions play
a dominant role. Wang et al. (2017) and Xie (2014) have
further studied the influencing factors by using the indicator
and structural decomposition analysis. Generally, the top-
down approach performs well in economic energy analysis,
especially in specific descriptive analysis. In contrast, the
bottom-up approach is to decompose a building deeply by
starting from the carbon emission data of each process or
each part and then aggregating all layers to get an overall
picture of carbon emission of the building (Shorrock and
Dunster 1997). Process-based analysis is a typical bottom-
up approach, which is usually combined with life cycle
assessment (LCA) and applied to micro-level analysis of
carbon emissions of a single building. Peng (2016) has used
a process-based LCA approach to analyze carbon emissions
at each stage, finding that the operation stage has the high-
est carbon emissions, followed by the construction stage.
Moon et al. (2014) have established a database of CO, emis-
sions in the LCA method to calculate CO, emissions based
on construction materials, with a reasonable accuracy of
less than 8% error delivered in case studies. However, the
bottom-up analysis method often leads to weak comparabil-
ity between research results due to differences in life cycle
divisions, emission boundaries, and carbon emission inven-
tories. Given the shortcomings of the above two methods,
some scholars have attempted to mix the two to simplify
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the calculation process and enhance accuracy. By using the
process method, Stephan and Stephan (2014) have calcu-
lated carbon emissions in the material production phase,
while using the input—output approach to calculate carbon
emissions in the remaining stages of residential buildings.
Zhang and Wang (2016a) have developed a new method that
can integrate the advantages of the process analysis and the
input—output approach to calculate the implied carbon in
the building construction segment. To further improve the
hybrid method, Zhang and Wang (2017) have proposed a
process-based method for assessing the life cycle carbon
emissions of the construction industry in some Chinese
regions. Assessing carbon emissions based on statistical
data from relevant sectors, the method has been well prac-
ticed and can effectively support the calculation conducted
in this study.

The economic-social impacts of CECI have been exam-
ined in the existing research. Some scholars have taken as a
start point the life cycle sustainability of buildings assess-
ment (LCSA), which is represented by three dimensions:
environmental, social, and economic ones, commonly
known as the Triple-Bottom Line. Onat et al. (2014) have
analyzed the sustainability of the existing residential and
commercial buildings in the USA by using the triple-bot-
tom-line approach and a mixed economic input—output LCA
model. Their research found that the operation phase, electri-
cal energy, and transportation were crucial factors affecting
sustainability. Llatas et al. (2020) have applied BIM and
LCSA in the early design phase of some Spanish buildings,
making contribution to the sustainable development. The
difficulty in using LCSA for analysis lies in acquiring data
on economic and social indicators, especially on social indi-
cators (Dong and Ng 2016; Alberti et al. 2019; Zheng et al.
2019). To quantify these indicators, some researchers have
attempted to incorporate related models into LCSA. For
example, Hasheminasab et al. (2022) have applied a multi-
criteria decision model to weigh the sustainability criteria
and identify the structures and rankings of certain projects.
Malmgren and Mjornell (2015) have proposed a rebuild
decision-supporting method based on the Triple-Bottom
Line to assess various renovation options for refurbishment
projects. Some other studies have focused on analyzing
the decoupling relationship between carbon emissions and
economic output in the construction sector. For example,
Du et al. (2019b) have analyzed the decoupling relation-
ship between economic growth and carbon emissions in the
construction sector across 30 Chinese provinces by using
the standard deviation ellipsoid method, finding that the eco-
nomic development levels in most of the provinces are posi-
tively correlated with their carbon emissions. Also focused
on the construction sector in China, Wu et al. (2018) have
examined the decoupling relationship between economic
output and carbon emissions at the national and provincial

levels by using the Tapio decoupling model, with similar
conclusions obtained.

In summary, a wealth of research on low-carbon and
sustainable development in the construction industry pro-
vides theoretical support for this study. However, there are
some limitations: (1) Although LCSA has been explored
in-depth in the “triple baseline” dimension, very few stud-
ies have analyzed the economic-social impacts of carbon
emission from the perspective of the construction industry;
(2) Although the life cycle carbon emissions of the regional
construction industry have been studied based on the pro-
cess, the impacts on the economy and society have yet to be
analyzed further; and (3) Although a few scholars have men-
tioned the impact on the economy and society in the process
of carbon emission calculation, the interaction between the
influencing factors has not been deeply analyzed.

To address the problems above, this study would, by cal-
culating the CECI in Shandong from 2010 to 2020, pro-
foundly explore the main factors influencing economic and
social development, reveal the correlations among the influ-
encing factors, and establish a SUR model to analyze the
relationships. Then, it would put forward certain suggestions
on the low-carbon development of the construction indus-
try in the regional scope, so as to further enrich and boost
relevant research.

Methodologies

In this study, the carbon emissions in the whole process of
the construction industry were calculated in the process-
based carbon emission calculation method. The literature
relevant to the calculation process was reviewed, and the
economic and social impact factors of carbon emissions
throughout the life cycle of the construction industry were
identified in the context of the United Nations Sustainable
Development Goals and the Outline of the 14th Five-Year
Plan (2021-2025) for National of the People’s Republic of
China Economic and Social Development and Vision 2035
of the People’s Republic of China. The SUR model was used
to analyze the relationships between these factors.

Calculation of the whole life cycle carbon emissions
based on production processes

Based on the life cycle characteristics of a single building,
the calculation of life cycle carbon emissions can be divided
into three phases: the materialization phase (material pro-
duction, transportation, and construction), the operation
phase (daily operation of the building), and the demoli-
tion phase (demolition and transportation of the building).
Carbon emissions can be measured in the process-based
method, which quantifies carbon emissions based on the
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data about the activities of carbon emission sources as well
as the carbon emission factors at the corresponding unit
activity levels. In reference to the whole life cycle carbon
emission assessment method for the construction industry
as proposed by Zhang and Wang (2017), carbon emissions
can be calculated for six processes in three stages. The total
carbon emissions are expressed as

CE = CEM + CEO + CED )

where CE is the total life cycle carbon emissions; and CEM,
CEOQO, and CED are the carbon emissions in the materializa-
tion, operation, and demolition phases, respectively.

Calculation of carbon emissions in the materialization
phase

Carbon emissions in the materialization phase consist
mainly of production, transportation, and on-site construc-
tion. They can be expressed as follows:

CEM = Cpro + Ctrans + Ccnns (2)

Cl’m = z (Qt XMFi) (3)

i=1

Ctrans= Z(ZDi,iji>XTFj (4)
j=1

Ceons = . (E, X EF,) ®)
g=1

where C.,, C and C_,,, denote the carbon emissions
in the material production stage, transportation stage, and
on-site construction stage, respectively. Q; denotes the total
weight of the i material. Only five materials are considered
in this study: steel, cement, wood, glass, and aluminum. The
data on material consumption were taken from the China
Construction Industry Statistical Yearbook (National Bureau
of Statistics 2021b). MF, denotes the emission factor of the
i material, and m denotes the number of transportation
methods for construction materials. Given the properties of
building materials, only three modes of transportation, i.e.,
railway, road, and waterway, are considered in this study. Di’j
denotes the distance of transporting the i building material
with the j transport mode. TF, denotes the carbon emission
factor of the j transport mode. The data on relevant transport
distances were taken from the China Transport Yearbook
(China Communications and Transportation Association
2021). The carbon emission factors of the three transport
modes, i.e., railway, road, and waterway, are finally set to be
8.64, 284.14, and 37.28 gCO,./(t km), respectively (Zhang

trans® cons
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and Wang 2017). r denotes the number of types of energy
consumed, and E, denotes the consumption of energy g; and
data on the energy consumption was taken from the China
Energy Statistics Yearbook (National Bureau of Statistics
2021a). However, such data cover the energy consumption in
the process of building demolition, accounting for about 9%
of the on-site construction energy consumption (Zhang and
Wang 2016a). Therefore, such energy consumption should
be included in that of the demolition phase. EF, denotes the
carbon emission factor of energy g.

Calculation of carbon emissions in the operation phase

The data on carbon emissions in the operation phase were
mainly obtained by converting the data on buildings’ opera-
tional energy consumption, as expressed in the following
equation:

CEO =

8

1 (E, X EF,) 6)

where w denotes the number of energy types involved in the
operation phase, and other parameters are the same as in
Eq. (5). The primary energy uses include heating, cooking,
electrical appliances, lighting, and hot water (DZ Li et al.
2020a, b). The primary energy sources include electricity,
coal, natural gas, coal gas, liquefied petroleum gas, gasoline,
and diesel, the data on which were acquired from the China
Energy Statistics Yearbook (National Bureau of Statistics
2021a).

Calculation of carbon emissions in the demolition phase

As stated in the “Calculation of carbon emissions in the
materialization phase” section, 9% of the on-site construc-
tion energy consumption is for carbon emissions in the dem-
olition phase. Waste transportation is calculated according
to Eq. (4), assuming an average transport distance of 20 km
(Zhang and Wang 2016b); and the weight of construction
waste is estimated at 80% of the building materials (Liu
2015).

Economic and social impact factors of whole life
cycle carbon emissions in the construction industry

To identify the economic and social impact factors of carbon
emissions throughout the life cycle of the construction indus-
try, the following background sources were adopted: the
United Nations Sustainable Development Goals (UNSDG
2015); the Outline of the 14th Five-Year Plan (2021-2025)
for National of the People’s Republic of China Economic
and Social Development and Vision 2035 of the People’s
Republic of China (General Office of the State Council
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2021). In addition to this, detailed combination the “Cal-
culation of the whole life cycle carbon emissions based on
production processes  section and literature review (Karaca
et al. 2020; Payyanapotta and Thomas 2021; Zhu et al.
2022). The preliminary economic and social impact indica-
tors of CECI were identified, which include eight economic
impact indicators: the total construction output, the output
profitability, the cost of related materials, the total turnover
of primary building materials, the energy consumption per
unit of construction area, the operation and maintenance
price index, the energy consumption of demolition construc-
tion, and the total transportation turnover of construction
waste, and five social impact indicators: the research and
technological development in the construction industry, the
average wage of construction workers, the average number
of people engaged in construction activities, the health and
comfort of occupants, and the production of construction
waste. These indicators are illustrated in Fig. 1. Since the
following five indicators — the total output value of the
construction industry, the profit margin of output value, the
development of research and technology in the construction
industry, the average wage of construction workers, and the
average number of people engaged in construction activities
— are related to the materialization phase, they are listed
separately.

Typically, indicators should be applicable, understanda-
ble, and measurable (Haider et al. 2014); and similar indica-
tors shall be aggregated to reduce the number of overlapped
indicators. In this study, informal interviews were conducted
with eight experts from universities, research institutions,

Fig. 1 Identification of the
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design agencies, development companies, construction
experiment firms, suppliers, and government departments.
Details of the interviews can be found in the Appendix. In
these interviews, Experts 1 and 2 mainly suggested stream-
lining the indicators by merging similar ones and eliminating
unimportant ones, such as the output of construction waste;
Experts 3, 4, and 5 mainly proposed to quantitatively express
the indicators accurately, while also mentioning the merg-
ing of similar indicators; Experts 6 and 7 suggested that the
indicators should be optimized and expressed scientifically;
and Expert 8 recommended that all the indicators related to
transportation should be merged into one.

As the energy consumption in the building construction
industry includes that for buildings’ demolition, the energy
consumption in demolition of construction was merged with
the unit construction area energy consumption (Zhang and
Wang 2017). In addition, given that the total turnover of
primary building materials in the materialization phase and
the total transportation turnover of construction waste in the
demolition phase are two similar indicators, the eight experts
unanimously suggested merging them. In order to facilitate
data expression, Experts 3, 4, and 5 suggested referring to
the Shandong Provincial Statistical Yearbook to replace the
research and technology development of the construction
industry with the research and experimental development
funds of the construction industry, to replace the cost of related
materials with the value index of construction materials and
hardware and electrical materials, and to replace the health and
comfort indicator of occupants with the proportion of house-
holds with green landscaping in the community. Experts 1, 2,
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6, and 7 suggested deleting the indicator of construction waste
produced due to the weak impact of the demolition stage in
buildings’ life cycle. Three indicators, i.e., gross construction
output, output profitability, and research and technological
development, were used for the whole construction industry,
and these three indicators were classified into the materiali-
zation phase. Finally, the impact indicators were determined
according to the experts’ recommendations, as simplified and
illustrated in Table 1.

Analysis methods
Modeling

The SUR model, first introduced by Zellner in 1962, is a
set of multiple regression equations. It considers the cor-
relation between equations and inter-equation errors in the
parameter estimation, thus improving the parameter estima-
tion effect compared to the traditional parameter estimation
models, which only estimate parameters separately for each
equation under certain appropriate conditions. Therefore, the
SUR model can be used to explain the complex relationships
embedded (Zellner 1962). As a result, the SUR model is con-
sidered appropriate for this study. A set of equations consist-
ing of m seemingly unrelated linear regression equations are
assumed in the SUR model, with a random set of regression
equations expressed in Eq. (7).

yi=Pxitei=1,.m 7

where y; is the vector of the explained columns in m X 1
dimension; x, is the matrix of the explanatory variables in
m X p; dimension; f; is the vector of the unknown regres-
sion coefficients in p; X 1 dimension; and ¢; is the random
perturbation error term in m X 1 dimension. The follow-
ing assumptions are made on the set of equations: the
mean of the errors is zero, i.e., E(ei) = 0; each regres-
sion equation has an equal variance in the error terms
and an unequal variance in the error terms across regres-
sion models, i.e., var(e,)=0,,var(e,)=0,, var (e, )=0,,.
Furthermore, a relationship exists between the error
terms of different models at an exact moment, i.e.,
cov(ejt,ekt) = jk,j,k =1,2,, mt=1,2,,n; and the
observed errors of different models at different moments are
uncorrelated, i.e., cov(ej[] ,ekt2)=0, t; # t,. In this way, each
equation is a classical regression equation, while these m
classical linear regression models are linked together by the
error assumptions. The above description can be succinctly
expressed in the following matrix form:

y=xf+e
E@e)=0 ®)
cov(ee') = Y ®I,
Y1 X1 0 B €
where y = y:2 X = 2 ; P = /fz ,e = 6_2 ,

and ) = o, are positive symmetric matrices; I, is the unit

Table 1 Indicators of economic-social impacts of carbon emission reduction in the construction sector

Stage Impact indicator Symbol Bibliography Categorization
Materialization phase The gross output value of the construction GOVC (Onat et al. 2014; Zhang et al. 2021) Economy
industry (billion RMB yuan)
The profit rate of output value (%) PROV  (Braulio-Gonzalo et al. 2022) Economy
Construction industry research and experi- CRE (Zheng et al. 2019) Society
mental development funds (million RMB
yuan)
Price index of building materials and hard- PIBH (Gencturk et al. 2016; Kamali et al. 2018) Economy
ware (2010 as the base year=100)
The total turnover of primary building materi- TTB (Khan et al. 2018; Zheng et al. 2019) Economy
als (million tons/km)
The average wage of construction workers AWC  (Huo et al. 2021; Tokede et al. 2021) Society
(thousand RMB yuan)
The average number of persons engaged in ANPC  (Capitano et al. 2011) Society
construction activities (many persons)
Energy consumption per unit construction ECPA  (Dobravec et al. 2021; Lazar and Chithra Economy

area (kg standard coal/m?)
Operation phase The proportion of households with a green

landscape in the community (%)

Operation and maintenance price index (2010 OMPI

as the base year=100)

2021)

PHG (Carvalho et al. 2019; TF Huo et al. 2020a, b)  Society

(Lazar and Chithra 2021; Hasheminasab et al.
2022)

Economy
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matrix of m X m; and ® is the Kroneker product of the
matrices.

Based on the above demonstration, the economic and
social impacts were analyzed. In order to reduce the fluc-
tuation of the variables and the degree of heteroskedastic-
ity. Cp, C C and CEO were logarithmically treated
as independent variables, and the ten economic and social
impact indicators were logarithmically treated as depend-
ent variables. Considering that dependent variables may be
jointly influenced by similar characteristics, similar unob-
served factors, or missing information across the construc-
tion industry’s life cycle (Washington et al. 2020), the fol-
lowing set of SUR equations is established:

trans® cons?

InCRE, = ac + fe,InC,,,
InPIBH, = ap; + Pp;InC,

U

InECPA, = ag + fg,InC,

1o,

[nOMPI, = a, + P, InC

pro;

INGOVC, = ag + Py nCpyy + PealnCrpny, + Bo3INCrpps, + €1,
InPROV, = apg + Ppg,InC,,, + BprolnCips, + Bpr3lnCpps, + €5,

+ ﬁCZInCtrans, + ﬁC3lnCcons, + &3

+ ﬂPIZInCtmns, + ﬂPI?)lnCcnns, +éy

INTTB, = ay + Pr,InCppy + ProlnCrrgns + Pr3inCepp, + €5,

INAWC, = auy + Baw1InCpyy + BawalnCrans, + Baw3nCopps, + €6

lnANPCt = QN + ﬁANllnCpmt + ﬁANZZnCtmns, + ﬂAN3 lnCcons, + €7t

+ ABEZInCtmnxr + ﬁESZnCconx, + &g,

lnPHGt =apy + ﬂPHllnCprol + ﬂPHZlnsznx, + ﬂPHSlnCconsf + ﬂPH4lnCE0t + &g
+ B02nCrips, + Bo3InCoops, + PoslnCEO, + £,

The subscripts of the variables in the equations ¢ indi-
cate the corresponding values of the variables in the year 7.
Note that in the first eight equations above, the independ-
ent variables only include InC,,, , InC,, , and InC,, .
Because the first eight dependent variables correspond to
the social and economic impacts in the materialization
stage, the independent variable [nCEO, is added in the last
two equations. In addition, because the last two dependent
variables correspond to the social and economic impacts
in the operation phase, and the materialization and opera-
tion phases are two closely related phases, the independent
variables are chosen from the four equations above. To
further prove the applicability of the SUR model from
a quantitative perspective, the results of the SUR model

®

are compared with those of the OLS model, which only
responds to the regression relationship between variables.
The differences in the results of the two models are ana-
lyzed to determine whether correlations exist between the
equations and between the error terms of the equations. If
so, the SUR model shall be more appropriate. Then, the
internal relationships that exist can be identified.

Model fit effect and significance test

The coefficient of determination R?, i.e., the root mean
squared error (RMSE), was selected to test the model’s fit,
so as to determine whether the established equation can
accurately describe the practice correlation between the
dependent and independent variables. R* characterizes the
extent to which the variation in the dependent variable y can
be explained by the control independent variable x.
R=1 —i(}v[—ﬁ)z/i (v;-¥%)’» where y,i=1,2,---,m, is the
observéd value, )/;: is the predicted value, and y; is the mean
value. When RZ is closer to 1, it indicates a better fit of the
equation. RMSE measures the deviation of the estimated
value from the actual value, and its expression is

m

2
1 A
m g <yi— yi) : the closer to 0 the value, the better the

fit. In addition, a confidence interval of 95% or more was
selected to test the significance of the estimated parameters
of the model (Ganamé et al. 2021).

Data sources

The whole life cycle statistics of the construction indus-
try in Shandong from 2010 to 2020 and the corresponding
carbon emission factors were selected to calculate the total
carbon emissions. The statistics were obtained from the sta-
tistical yearbooks published by different official agencies of
China. Carbon emission factors for building materials and
fuels were converted and summarized in reference to the
IPCC for National Greenhouse Gas Inventory Guidelines
(IPCC 2006), China’s Provincial Greenhouse Gas Inventory
Guidelines (National Development and Reform Commission
2011), and relevant literature (Yeo et al. 2016; Zhang and
Wang 2017; Shan et al. 2018), as shown in Table 2. For elec-
tricity emission factors, the information on regional grids
released annually by the Chinese Ministry of Ecology and
Environment was referred to for baseline emission factors,
as presented in Table 3.

The impact indicators were obtained from the Shan-
dong Province Statistical Yearbook (Shandong Provin-
cial Bureau of Statistics 2021), the China Statistical
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Table2 Carbon emission factors for building materials and related
fuels

Material or fuel Carbon emis-  Unit

sion factor

Steel 1.83 tCO,, /t

Clinker 0.61 tCO,, /t

Aluminum 7.47 tCO,, /t

Timber 0.27 tCO,, /m’

Glass 0.07 tCO,, /weight case (one
weight case equals
50 kg)

Raw coal 1.98 tCO,, /t

Cleaned coal 2.05 tCO,, /t

Coke oven gas 0.834 kgCO,, /m?

Liquefied petroleum gas 2.87 tCO,, /t

Gasoline 3.11 tCO,, /t

Diesel oil 3.15 tCO,, /t

Natural gas 1.93 kgCO,, /m?

Adopt the recovery rates of 10% and 30% for steel and aluminum,
respectively

Yearbook (National Bureau of Statistics 2021c), and
the China Statistical Yearbook of the Construction
Industry (National Bureau of Statistics 2021b), with
certain conversions conducted. In addition, the miss-
ing data were supplemented by interpolation with the
available data. A descriptive statistical analysis of the
obtained variable data is presented in Table 4.

Results and analyses

Analysis of the whole life cycle carbon emissions
of the construction industry in Shandong Province

The carbon emissions and the carbon emission intensity
(CEI) of the construction industry in Shandong from 2010 to
2020 were derived. CEI indicates the amount of carbon diox-
ide emitted per unit of GNP growth. Detailed data are given
in Table 5, in combination with Fig. 2. Carbon emissions
had generally shown an increasing trend since 2010; but
they began to decrease in 2016, and reached the maximum
of 309.156 million tCO,, in 2019. The carbon emissions in
the material production stage took the largest share, while
those in the demolition stage were the smallest; this result
with the findings in certain existing research (Zhang and
Wang 2016b). It should be noted that the demolition stage
will intensively generate construction waste. The carbon
emissions generated in different building types, demolition
methods, and transportation distances can vary significantly.
While demolition emission may be insignificant in some
cases, they may be significant in other cases, so they cannot
be generalized. Although this study has analyzed the carbon
emissions in the demolition stage in the whole life cycle
of the construction industry in Shandong Province from a
macroscopic perspective, the microscopic analysis should
be made specific to the identified buildings.

The proportion of carbon emissions in the materializa-
tion phase reached the highest in 2015; then, it decreased.
In the meantime, the proportion of carbon emissions in

Table 3 Baseline emission factors for the grids in Northern China, 2010-2020 (tCO, /MWh)

Grid Name 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

East China Power Grid 0.991 0.980 1.002 1.030 1.058 1.042 1.00 0.968 0.946 0.942 0.932

Shandong Province is part of Northern China region

Table4 Statistical description Explained variables Mean Std. Dev Min Max

of the variables
GOVC (billions RMB yuan) 1019.096 322.664 549.659 1494.730
PROV (%) 4.0545 0.763 2.600 4.900
CRE (million RMB yuan) 3266.478 1833.081 1384.600 6914.01
PIBH (2010 as the base year=100) 106.978 3.952 100.000 113.280
TTB (million tons/km) 83,211.800 7938.866 75,297.950 100,925.700
AWC (thousand RMB yuan) 47.977 14.935 25.807 72.969
ANPC (many persons) 3223.182 252.063 2702.600 3518.400
ECPA (kg standard coal/m?) 5.948 0471 5.367 6.938
PHG (%) 54.664 9.872 41.470 68.400
OMPI (2010 as the base year=100) 118.166 9.873 100.000 132.106
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Table 5 Carbon emissions
Y C C C CEO C C C CEI
of the construction sector in car pro frans cons deons dirans
Shandong by phase from 2010 2010 103.744  13.320 7.845 55457 0776 0525 181.677  0.331
0 2020 (million t CO,) 2011 107460  12.713 8.475 58.846 0838 0534 188.866  0.291
2012 118.226 15914 8.702 64.433 0.861 0.592 208.728 0.287
2013 128.991 17.899 9.484 66.231 0.938 0.650 224.193 0.265
2014 135.934 18.264 9.939 78.897 0.983 0.682 244.699 0.263
2015 164.983 20.958 10.504 82.710 1.039 0.715 280.908 0.300
2016 125.165 15.924 10.766 100.156 1.065 0.628 253.704 0.252
2017 128.965 15.382 10.847 103.234 1.073 0.629 260.129 0.227
2018 137.925 15.961 11.031 110.782 1.091 0.663 277.453 0.215
2019 159.961 18.333 12.143 116.759 1.201 0.759 309.156 0.217
2020 142.421 14.823 12.628 123.048 1.249 0.648 294.816 0.197
CEI unit is: kg CO,, /RMB
Fig.2 Life cycle carbon emis- 350.000 0.350
sions and the carbon emission ’g @
intensity of the construction S 300.000 0.300 E
industry in Shandong, 2010 to s T
2020 2 250.000 0250 Q
£ P
< 200.000 0200 =
= m ey
‘@  150.000 0.150 @&
0 [}
§ £
o 100.000 0.100 -=
c C
o (o]
£ 50.000 0.050 2
© 1]
o (@]
0.000 0.000

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

BN Cpro MM Ctrans

the operation phase increased. This phenomenon was
related to the development policies in Shandong Province
in recent years: such policies as the adoption of assembly
construction technology, green materials, and energy con-
servation were proposed for the materialization phase (Liu
et al. 2022). In addition, the per-capita economic standard
of living has improved. As a result, the requirement for
comfort in life has been boosted, leading to more energy
consumption and carbon emissions in the operation phase.
Especially, carbon emissions in the material production
phase have become the main contributor, accounting for
more than 80% of the emissions; thus, carbon emissions
in the transportation and on-site construction phases have
become close. It is important to note that the energy con-
sumption in the transport phase is calculated based on the
total transport turnover of the entire construction industry
(including civil engineering and equipment installation),
so it may be overestimated. However, this potential overes-
timation is acceptable, because it shows a decreasing trend
in terms of CEI. The CEI in the construction industry was

Ccons CEO I Cdcons I Cdtran e CE|

reduced by 40.48% in 2020 from the level in 2010. In fact,
the commitment made by the Chinese government in 2009
for the construction industry has been delivered.

Tests of data stationarity and cointegration

All the data adopted in this study are time series data, which
should be checked for unit roots before analysis. Moreover,
ADF (Maddala and Wu 1999) is a commonly used method
for unit root test. The trend of the data can be observed from
the scatter plot of each variable in Fig. 3. In this study, the
ADF test is implemented to determine whether there is a unit
root in the data, based on an original hypothesis that there
is a unit root in the data as well as an alternative hypoth-
esis that the data are smooth. As seen in Table 6, only two
variables, i.e., INCRE and InOMPI, pass the test at the 1%
significance level, and the variable InPROV passes the test
at the 5% significance level; the rest of the data are non-sta-
tionary. The variables are first order differenced, and all the
data are smooth at the 5% significance level. Subsequently, a
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Fig.3 Scatter plot of variables

cointegration test was conducted to determine whether there
is a smooth long-run relationship between the variables. For
this test, the Kao residual cointegration test method (Kao
1999) is commonly used. In this method, the null hypothesis

Table 6 ADF unit root test for variables

Variable Level First difference

Independent variable
InC,,, —2.0786 —3.5155%**
InC,,,, —2.1243 —3.0449%#*
InC,,,,, —2.1983 —3.3198%*
InCEO —2.2148 —5.0305%**

Implicit variable
InGovC —2.8704 —4.3851%*
InPROV —2.1186%* —5.6757%*
InCRE —5.6037%** —1.9287%*
InPIBH —2.0735 —3.4808%**
InTTB —2.7051 —3.5692%*%*
InAWC -3.0712 —4.3159%*
InANPC —3.5427* —4.4007%**
InECPA —2.5822 —2.3901%*
InPHG —1.9899 —5.6744%*
InOMPI —5.2919%** —4.5029%**

k%% and * denote significance levels at p<1%, p<5%, and
p<10%, respectively, which are all statistically significant. It is the
same for the subsequent tables

@ Springer

is that there is no cointegration relationship. And it uses the
residuals from the regression of static data to construct the
statistic. Table 7 demonstrates that the variables are all coin-
tegrated at the 1% significance level, so the null hypothesis
is rejected. Therefore, the independent variables of every
single equation in the SUR equation set have a long-run
cointegration relationship with the dependent variable.

Analysis of the SUR model

Combined with Eq. (9), the economic and social impact of
CECI in Shandong Province was analyzed. It can be seen
from Table 8, SUR and OLS model fit and significance test
comparison, only the fit effect and significance test of the
InANPC equation fails, indicating that CECI does not signifi-
cantly affect the total number of employees. Therefore, the
equation is removed from the SUR equation set. However,
the rest of the equations pass the OLS and SUR model fit
and significance tests. The RMSE figures, except for the
LnANPC equation, are ranged from 0.014 to 0.189, and the
R? values are ranged from 0.7098 to 0.9904; so all of them
pass the test at the 1% significance level, indicating that the
SUR model developed in this study can accurately express
the relationship between the dependent and independent
variables.

As seen from the results of the SUR simulation in Table 9,
the behavior of InC,,,; affects InGOVC positively and signifi-

cons
cantly: Increase in C, . may be a hike in construction volume,

cons
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and increases in construction volume will in turn lead to a boost
in GOVC. As a pillar industry in China, the construction sector
has contributed much to the rapid growth of its GDP and carbon
emissions (He et al. 2020). InPROYV has a negative relationship
both with InC,,,, and InC,,,,,,, indicating that the lower the carbon
emissions from the materials and the greener the construction,
the higher the PROV. However, InPROV has a positive correla-
tion effect with InC,,,,,,,. InCRE are heavily influenced by InC,,,,,,
which is related to the relevant policies for China’s construction
industry. The China government has encouraged the construc-
tion industry to implement green construction methods and
enhance research on “carbon neutral” and “carbon peaking”
(MOST 2022). InPIBH is also positively related to the behavior
of InC,,,,,, which can be interpreted by the fact that an increase in
C..,.s Would lead to an increase in the construction volume. Such
increase will inevitably require more building materials; thus,
PIBH will increase accordingly, but the impact is insignificant.
In7TB is positively related to InC,,,,,, mainly because 77B will
increase in C,,,,, as more materials are required and more car-
bon emissions are emitted. However, it is negatively correlated
with InC,,,,,, probably because housing buildings require a high
percentage of assembled blocks (HURCDSD 2022). InAWC is
more positively influenced by InC,,,,, indicating that as C,,,, is
increased and more work is done, more wages would be paid to
workers. InEECPA is mainly related to InC,.,, in a negative correla-
tion, which may still be associated with the assembly construction
technology. InPHG showcases a positive relationship with both
InC,,,; and InCEO. When residents want to improve the health
and comfort in their lives, they will need a larger floor area and
more domestic energy consumption. This result is consistent with
the findings of T Huo et al. (2020a, b). Similarly, InOMPI posi-
tively correlates with both InC,,, and InCEO.

By comparing with the OLS model results, it is found
that the coefficients and significance obtained from the two

analysis methods for the InGOVC and InTTB equations are

r-InOMPI
—3.1589%:#*

—4.9893%**

r-InPHG

r-InECPA
—4.5430%%*

—3.3736%**

r-InANPC

— 441575

r-lnAWC

r-InTTB
—3.6859%%*

r-InPIBH
—4.53]18%%*

g . consistent, indicating no correlation exists between the error
& 3 terms of these two equations and the rest of the equations.
é {E‘j § The OLS and SUR analysis also shows that for InPHG and
5|2 «l» InOMPI, the coefficients and significance of the two equa-
:M% - tions are entirely different, indicating that the error terms of
= . InPHG and InOMPI equations and the rest of the equations
‘g - 3:% are interdependent. Although consistent coefficients were
) S obtained for the remaining equations in the analysis of OLS
I - and SUR models, there were some significant differences.
= | = ! Overall, the SUR model analysis finds that the efficient coef-
“2 ficients are better than the results in OLS model analysis.

2 ¥

EIR|z

HEE Discussi

B = iscussion

E|E

© Shandong, a coastal province in Eastern China, governs 16
% é; prefecture-level cities, with a resident population of more
2 < than 101 million by the end of 2022 (Shandong Provincial

@ Springer



86448 Environmental Science and Pollution Research (2023) 30:86437-86453
Table.8 .SUR vs. OLS model fit Equation Parms SUR OLS
and significance test
RMSE R-sq 4 RMSE R-sq 4
InGovC 3 0.0609 0.9629 0.0000 0.0764 0.9629 0.0000
InPROV 3 0.0676 0.8855 0.0000 0.0847 0.8855 0.0011
InCRE 3 0.1884 0.8624 0.0000 0.2362 0.8624 0.0021
InPIBH 3 0.0155 0.8061 0.0000 0.0194 0.8061 0.0069
InTTB 3 0.0256 0.9141 0.0000 0.0320 0.9141 0.0004
InAWC 3 0.0306 0.9904 0.0000 0.0383 0.9904 0.0000
InANPC 3 0.0726 0.1019 0.7414 0.0910 0.1019 0.8488
InECPA 3 0.0394 0.7098 0.0000 0.0494 0.7098 0.0269
InPHG 4 0.0288 0.9740 0.0000 0.0379 0.9754 0.0001
InOMPI 4 0.0144 0.9686 0.0000 0.0193 0.9690 0.0001
Table 9 Comparison of SUR and OLS models’ estimation results
Explanatory variables InGOVC  InPROV InCRE InPIBH InTTB InAWC InECPA InPHG InOMPI
SUR
InC,,,-coef —1.520%** 0.976%** —0.551**  (0.633*
(0.567) (0.215) (0.257) (0.331)
InC,,,,-coef 1.448%* —0.531%%*
(0.370) (0.216)
InC,,,-coef 2.507*+**  —(.580* 2.789%#%  ().162%* —0.736%**  2.518*** —0.650%**  (0.809%***  (.393%**%*
(0.309) (0.343) (0.955) (0.078) (0.130) (0.155) (0.200) (0.207) (0.088)
InCEO-coef 0.223%*%  (0.065%**
(0.069) (0.023)
Alpha -coef 2.909%** 6 ]57%** 3.992%** 8 7k*k 1.735%* 1.012%* 3.269%**
1.077) (1.194) (0.273) (0.451) (0.696) (0.500) (0.253)
OLS
InC,,,,-coef —1.520%* 0.976%** —0.551 0.633
0.711) (0.269) (0.322) (0.415)
InC,,, -coef 1.448%* —0.531%*
(0.464) 0.271)
InC,,,, -coef 2.507***  —0.580 2.789% 0.162 —0.736%**  2.5]18*** —0.650%* 0.553 0.326
(0.387) (0.429) (1.198) (0.098) (0.162) (0.194) (0.250) (0.483) (0.246)
InCEO-coef 0.340 0.095
(0.203) (0.359)
Alpha-coef 2.909%*% 6 157%** 3.092%*% 8 DTk 1.735% 0.883 3.235%%%
(1.349) (1.194) (0.342) (0.566) (0.696) (0.706) (0.359)

Bureau of Statistics 2022). In this province, the construction
industry is also a pillar for its national economy, so the gov-
ernment has attached importance to the development of this
industry. During its 14th Five-Year Plan period, Shandong
Province would be focused on promoting the development of
ultra-low-energy and low-carbon buildings on a large scale,
so as to ensure that it would achieve the carbon peak by 2030
(Shandong Provincial People’s Government 2022).

As shown in the “Analysis of the whole life cycle car-
bon emissions of the construction industry in Shandong
Province” section, carbon emissions in Shandong Province
were in an upward trend from 2010 to 2020. This increase
is related to the urbanization process across the province
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(Zhang et al. 2021). As a developed province in China,
Shandong needs to construct many housing buildings to
meet the demand of economic development in the urbani-
zation process (Ahmad et al. 2019). However, the CEI is
in a decreasing trend, which indicates that the construction
industry in Shandong is gradually following the low carbon
emission practice.

The key to achieving green and low-carbon develop-
ment by the construction industry in Shandong Province
is to identify the critical points and main factors that may
influence carbon emission, while understanding the socio-
economic impact in the process of implementing carbon
emission reducing measures. The existing research has found
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that the operation phase is the most carbon-emitting period,
while the materialization phase is the most CEI-prone period
(Zhang and Wang 2017; Jayawardana et al. 2021). In addi-
tion, carbon emissions can be reduced by improving energy
efficiency, promoting green building materials, and imple-
menting low-carbon designs (DZ Li et al. 2020a, b; Zhang
et al. 2021). However, no systematic exploration has been
made on the economic and social impacts of low carbon
emissions in the construction industry. This study identifies
the main factors of carbon emissions that may impact society
and economy by using the process-based carbon emission
calculating method based on data from the UN Sustainable
Development Goals and China’s 14th Five-Year Plan. This is
an innovative practice of this study. To reveal the correlation
between carbon emissions and the impact factors on society
and the economy in each stage, the SUR model was used.
The SUR model is found more suitable than the OLS model
for this study. The innovation of this study can be illustrated
in the following two aspects.

By implementing a low-carbon emission reduction pro-
ject for Shandong Province’s construction industry, this
study has found that three factors, i.e., GOVC, CRE, and
PIBH, show a significant positive relationship with C,,.
There is a positive correlation between market factors and
carbon emissions (Du et al. 2021). PROV is significantly
related to all the three sub-processes of the materialization
phase. Implementing environment-friendly materials and
green construction methods will increase PROV accord-
ingly (Huo et al. 2021). TTB shows a positive relationship
with C,,,, and a negative relationship with C,,,,;, while AWC
shows an opposite relationship with these two phases. In
combination with the corresponding elasticity coefficients,
an increase in C,,, would promote an increase in 77B; and
although it shows a negative correlation with AWC, the effect
is not significant. C,,,, and AWC will increase when TTB
decreases; this may be associated with the optimal manage-
ment of construction sites and the progress in construction
technology. The effective combination of capital and labor
and the hiking construction efficiencies in enterprises can
be used as a strategy to control emissions (Pui and Othman
2019). There is a significant relationship between ECPA and
carbon emissions in all the three sub-processes of the mate-
rialization stage, and there is a negative relationship mainly
with C,,,,,, indicating that the construction industry in Shan-
dong Province is continuously adopting green construction
methods (HURCDSD 2022). The factors of PHG and OMPI
positively correlate with C, . and CEO, and the error terms
of the equations corresponding to these two factors show a
certain degree of dependence on other equations.

In general, a certain cross-influence is found between
the dependent variables. So it is not reasonable to simply
hope reducing or increasing the carbon emissions in a cer-
tain sub-stage; instead, it is necessary to analyze specific

circumstances for specific problems. For example, in the
developed cities in China, the implementation of assem-
bled blocks in the construction phase can contribute to the
sustainable development of social indicators, but the profit-
ability of the relevant enterprises would be lowered (Zhou
et al. 2022). The results of this study provide some theoreti-
cal and empirical support for the government’s functional
departments in macro-regulation. And this study’s research
methodology is also applicable to similar explorations in
other regions.

Conclusions and policy implications

This study analyzed the social and economic impacts of
CECI at the provincial level. By taking Shandong Prov-
ince as an example, it calculated the carbon emissions in
the construction industry from 2010 to 2020 in a life cycle
carbon emission calculating method based on the process
analysis method. The impact of carbon emissions on the
economy and society in each stage was deeply explored.
With literature review and expert interviews, six economic
and four social impact factors were identified. After tested
for smoothness and cointegration, the data were analyzed to
find out the influencing factors by using the SUR model. The
following conclusions were obtained:

(1) The carbon emissions in the construction industry in
Shandong showed an overall increasing trend from
2010 to 2020, with a slight decrease in 2016, and
reached a maximum of 309.156 million t CO,, in 2019,
followed by a decrease in 2020. The material produc-
tion and operation stages were the main contributors of
carbon emissions, so they should be the primary con-
trol stages for carbon emission reduction. In addition,
the analysis of CEI shows a decreasing trend, indicating
that the construction industry in Shandong Province
was implementing low carbon measures year by year.

(2) The results of the SUR model analysis show that C,,,,
has a significant negative relationship with PROV and
AWC, but has a significant positive relationship with
TTB and ECPA. C,,,,, showcases a positive correlation
with PROV and a significantly negative correlation with

ECPA. C,,, has a significant relationship with all the
ten dependent variables, except for PROV, TTB, and
ECPA, which have significant negative correlations,
and all other factors significantly positive correlate. The
construction phase shall be the main control phase for
macro-regulation. CEO has a significant positive cor-
relation, mainly with PHG and OMPI. On the other
hand, ANPC has no significant effect relationship with
carbon emissions in all stages.
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(3) A comparative analysis of the SUR and OLS models’
results demonstrates that the error terms of the InGOVC
and In77TB equations have some degree of interaction
with the remaining equations’ error terms, especially
for InPHG and InOMPI equations; however, InGOVC
and InTTB equations exhibit independence. The SUR
model can yield better coefficients than the OLS model.

In the life cycle process of the construction industry, C,
and CEO account for more than 85% of carbon emissions,
so it should be the primary control stage for carbon emis-
sion reduction. Firstly, the waste of main building materi-
als, such as steel, cement, and glass, should be reduced in
the material production stage. And the production shall be
conducted in a high-efficiency manner, and energy-saving
should be strengthened. In addition, it is necessary to choose
low-carbon raw materials or few-waste-producing building
materials, while enhancing the support for research and
development of green building materials. Secondly, carbon
emissions in the operation stage come mainly from the use
of energy, so the energy structure should be optimized by
using new energy, while the promotion and subsidization of
energy-efficient home appliances should also be strength-
ened. In the design of buildings, local climates should be
considered, so as to make full use of natural resources to
save energy and cut emissions. Finally, carbon emissions
in the transportation, on-site construction, and demolition
phases are relatively small, but they should not be ignored.
The use of local building materials shall be encouraged to
reduce the consumption of transportation-requiring materi-
als and related energy. Moreover, it is necessary to boost the
application of assembled buildings, optimize the organiza-
tion design of construction, and adopt new technologies and
techniques in the construction process.

Implementing low carbon emission in the construction
stage would have an important effect on the economy and

Appendix

society. In order to promote the development of green build-
ings and scientific management by construction enterprises,
government departments can start from the construction
stage by formulating relevant incentive policies, such as
financial support, tax relief, and other measures. To a cer-
tain extent, it can promote the stable growth of GOVC and
PIBH, etc. These practices can also facilitate a virtuous cycle
of economy and society. The economic and social impacts of
carbon emissions in the material production, transportation,
operation, and demolition stages, although relatively small,
should also be carefully coped with. Government agencies
should make coordination with related enterprises, such as
building material manufacturers and transportation firms,
to seek sustainable development and advocate environmen-
tal awareness among the general population. This can be
implemented through formulating environmental laws and
regulations and related policies. In addition, construction
enterprises, building material manufacturers, and transpor-
tation firms should pay attention to green management and
make green innovation one of their important strategies in
production.

Although this study provides a new direction for the
sustainable development of the construction industry by
analyzing the economic and social impacts of the whole
life cycle carbon emissions of the industry, it has certain
shortcomings. First, in selecting economic and social impact
indicators, although relatively extensive analysis and screen-
ing were implemented, the indicators finally chosen may
not be complete. Future research should look for other pos-
sible impact indicators beyond this study. Second, expert
interviews were conducted only with Chinese construction
and related industry practitioners and relevant experts, thus
somehow limiting the scope of the research. Future research
shall expand the research subjects and horizons, especially
making comparative analyses between different industries or
countries, so as to enhance the generalizability of the results.

Table 10 Expert information

Number Unit Type Position/title Experience
sheet (years)
1 Research institutions in universities Professor 25
2 Research institutions in universities Professor 28
3 Government Agencies Department Head 15
4 Developers General Manager 20
5 Developers Manager 10
6 Construction companies Senior Engineer 17
7 Design Institute Chief Engineer 13
8 Suppliers Regional General Manager 12

@ Springer



Environmental Science and Pollution Research (2023) 30:86437-86453

86451

Author contribution Mengmeng Li: methodology, data curation,
formal analysis, and writing—original draft. Weigong Chen: project
administration, supervision and validation, funding acquisition. Jintao
Song: resources, investigation and formal analysis. Shengxi Zhang:
software, writing review and editing.

Funding The authors received financial support from the National
Natural Science Foundation of China (grant number 72001121).

Data availability The datasets used and/or analyzed during the cur-
rent study are available from the corresponding author on reasonable
request.

Declarations

Ethical approval Not applicable.
Consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

Acquaye AA, Dufty AP (2010) Input-output analysis of Irish construc-
tion sector greenhouse gas emissions. Build Environ 45(3):784—
791. https://doi.org/10.1016/j.buildenv.2009.08.022

Ahmad M, Zhao ZY, Li H (2019) Revealing stylized empirical interac-
tions among construction sector, urbanization, energy consump-
tion, economic growth and CO2 emissions in China. Sci Total
Environ 657:1085-1098. https://doi.org/10.1016/j.scitotenv.2018.
12.112

Alberti J, Brodhag C, Fullana-i-Palmer P (2019) First steps in life cycle
assessments of cities with a sustainability perspective: A proposal for
goal, function, functional unit, and reference flow. Sci Total Environ
646:1516-1527. https://doi.org/10.1016/j.scitotenv.2018.07.377

Braulio-Gonzalo M, Jorge-Ortiz A, Bovea MD (2022) How are indica-
tors in Green Building Rating Systems addressing sustainability
dimensions and life cycle frameworks in residential buildings?
Environ Impact Asses 95:106793. https://doi.org/10.1016/j.eiar.
2022.106793

Capitano C, Traverso M, Rizzo G (2011) Life cycle sustainability
assessment: An implementation to marble products. Towards life
cycle sustainability management. https://lcm2011.org/papers.
html?file=tl_files/pdf/poster/day3/capitano-Life_Cycle_Susta
inability_Assessment-646_b.pdf. Accessed 29 Aug 2011

Carvalho JP, Braganca L, Mateus R (2019) Optimising building sus-
tainability assessment using BIM. Automat Constr 102:170-182.
https://doi.org/10.1016/j.autcon.2019.02.021

Chen JD, Shen LY, Song XN, Shi Q, Li SP (2017) An empirical study
on the CO2 emissions in the Chinese construction industry.
Energy 168:645-654. https://doi.org/10.1016/j.jclepro.2017.09.
072

China Communications and Transportation Association (2021) Year-
book of China Integrated Transport, 2011-2021. Year Book
House of China Transportation and Communications, Beijing

Dobravec V, Matak N, Sakulin C, Krajacic G (2021) Multilevel gov-
ernance energy planning and policy: a view on local energy ini-
tiatives. Energy Sustain Soc 11(1):2. https://doi.org/10.1186/
s13705-020-00277-y

Dong YH, Ng ST (2016) A modeling framework to evaluate sustain-
ability of building construction based on LCSA. Int J Life Cycle
Ass 21(4):555-568. https://doi.org/10.1007/s11367-016-1044-6

Du Q, Pang QY, Bao TN, Guo XQ, Deng YG (2021) Critical factors
influencing carbon emissions of prefabricated building supply
chains in China. J Clean Prod 280:124398. https://doi.org/10.
1016/j.jclepro.2020.124398

Du Q, Shao L, Zhou J, Huang N, Bao TN, Hao CC (2019) Dynamics
and scenarios of carbon emissions in China’s construction indus-
try. Sustain Cities Soc 48:101556. https://doi.org/10.1016/j.scs.
2019.101556

Du Q, Zhou J, Pan T, Sun Q, Wu M (2019) Relationship of carbon
emissions and economic growth in China’s construction industry.
J Clean Prod 220:99-109. https://doi.org/10.1016/j.jclepro.2019.
02.123

Ganamé M, Bayen P, Ouédraogo I, Balima LH (2021) Allometric mod-
els for improving aboveground biomass estimates in West African
savanna ecosystems. Trees, Forests People 4:100077. https://doi.
org/10.1016/j.tfp.2021.100077

Gencturk B, Hossain K, Lahourpour S (2016) Life cycle sustainabil-
ity assessment of RC buildings in seismic regions. Eng Struct
110:347-362. https://doi.org/10.1016/j.engstruct.2015.11.037

General Office of the State Council (2021) the outline of the 14th Five-
Year Plan (2021-2025) for National of the People's Republic of
China Economic and Social Development and Vision 2035 of the
People's Republic of China. Retrieved from http://www.gov.cn/
xinwen/2021-03/13/content_5592681.htm. Accessed 13 Mar 2023

Guo S, Zheng SP, Hu YH, Hong JK, Wu XF, Tang MH (2019) Embod-
ied energy use in the global construction industry. Appl Energ
256:113838. https://doi.org/10.1016/j.apenergy.2019.113838

Haider H, Sadiq R, Tesfamariam S (2014) Performance indicators for
small- and medium-sized water supply systems: a review. Environ
Rev 22(1):1-40. https://doi.org/10.1139/er-2013-0013

Hasheminasab H, Zolfani SH, Kharrazi M, Streimikiene D (2022)
Combination of sustainability and circular economy to develop
a cleaner building industry. Energ Build 258:111838. https://doi.
org/10.1016/j.enbuild.2022.111838

He JH, Yue Q, Li Y, Zhao F, Wang HM (2020) Driving force analysis
of carbon emissions in China’s building industry: 2000-2015.
Sustain Cities Soc 60:102268. https://doi.org/10.1016/j.scs.2020.
102268

Hossain MU, Poon CS (2018) Global warming potential and energy
consumption of temporary works in building construction: A case
study in Hong Kong. Build Environ 142:171-179. https://doi.org/
10.1016/.buildenv.2018.06.026

Huo T, Li X, Cai W, Zuo J, Jia F, Wei H (2020) Exploring the impact
of urbanizationon urban building carbon emissions in China:
evidence from a provincial paneldata model. Sustain Cities Soc
56:102068. https://doi.org/10.1016/j.scs.2020.102068

Huo TF, Cao RJ, Du HY, Zhang J, Cai WG, Liu BS (2021) Nonlinear
influence of urbanization on China’s urban residential building
carbon emissions: New evidence from panel threshold model.
Sci Total Environ 772:145058. https://doi.org/10.1016/j.scito
tenv.2021.145058

Huo TF, Li XH, Cai WG, Zuo J, Jia FY, Wei HF (2020) Exploring
the impact of urbanization on urban building carbon emissions
in China: Evidence from a provincial panel data model. Sustain-
able Cities and Society 56:102068. https://doi.org/10.1016/j.scs.
2020.102068

HURCDSD (2022) Housing and urban-rural construction department
of Shandong Province. Shandong Province new construction
industrialization whole industry chain development plan (2022-
2030). Retrieved from http://zjt.shandong.gov.cn/art/2022/10/27/
art_102884_10315759.html. Accessed 10 Oct 2022

IPCC (2006) 2006 IPCC Guidelines for national greenhouse gas inven-
tories. Institute for global environmental strategies, Hayama,

@ Springer


https://doi.org/10.1016/j.buildenv.2009.08.022
https://doi.org/10.1016/j.scitotenv.2018.12.112
https://doi.org/10.1016/j.scitotenv.2018.12.112
https://doi.org/10.1016/j.scitotenv.2018.07.377
https://doi.org/10.1016/j.eiar.2022.106793
https://doi.org/10.1016/j.eiar.2022.106793
https://lcm2011.org/papers.html?file=tl_files/pdf/poster/day3/capitano-Life_Cycle_Sustainability_Assessment-646_b.pdf
https://lcm2011.org/papers.html?file=tl_files/pdf/poster/day3/capitano-Life_Cycle_Sustainability_Assessment-646_b.pdf
https://lcm2011.org/papers.html?file=tl_files/pdf/poster/day3/capitano-Life_Cycle_Sustainability_Assessment-646_b.pdf
https://doi.org/10.1016/j.autcon.2019.02.021
https://doi.org/10.1016/j.jclepro.2017.09.072
https://doi.org/10.1016/j.jclepro.2017.09.072
https://doi.org/10.1186/s13705-020-00277-y
https://doi.org/10.1186/s13705-020-00277-y
https://doi.org/10.1007/s11367-016-1044-6
https://doi.org/10.1016/j.jclepro.2020.124398
https://doi.org/10.1016/j.jclepro.2020.124398
https://doi.org/10.1016/j.scs.2019.101556
https://doi.org/10.1016/j.scs.2019.101556
https://doi.org/10.1016/j.jclepro.2019.02.123
https://doi.org/10.1016/j.jclepro.2019.02.123
https://doi.org/10.1016/j.tfp.2021.100077
https://doi.org/10.1016/j.tfp.2021.100077
https://doi.org/10.1016/j.engstruct.2015.11.037
http://www.gov.cn/xinwen/2021-03/13/content_5592681.htm
http://www.gov.cn/xinwen/2021-03/13/content_5592681.htm
https://doi.org/10.1016/j.apenergy.2019.113838
https://doi.org/10.1139/er-2013-0013
https://doi.org/10.1016/j.enbuild.2022.111838
https://doi.org/10.1016/j.enbuild.2022.111838
https://doi.org/10.1016/j.scs.2020.102268
https://doi.org/10.1016/j.scs.2020.102268
https://doi.org/10.1016/j.buildenv.2018.06.026
https://doi.org/10.1016/j.buildenv.2018.06.026
https://doi.org/10.1016/j.scs.2020.102068
https://doi.org/10.1016/j.scitotenv.2021.145058
https://doi.org/10.1016/j.scitotenv.2021.145058
https://doi.org/10.1016/j.scs.2020.102068
https://doi.org/10.1016/j.scs.2020.102068
http://zjt.shandong.gov.cn/art/2022/10/27/art_102884_10315759.html
http://zjt.shandong.gov.cn/art/2022/10/27/art_102884_10315759.html

86452

Environmental Science and Pollution Research (2023) 30:86437-86453

Kanagawa, Japan. Retrieved from https://www.ipcc.ch/report/
2006-ipcc-guidelines-fornational-greenhouse-gas-inventories/.
Accessed 1 July 2006

Jayawardana AS, Perera NGR, Perera L (2021) “Cradle to Gate” assess-
ment of material related embodied carbon: A design stage strata-
gem for mid-rise housing in Sri Lanka. Energy Build 230:110542.
https://doi.org/10.1016/j.enbuild.2020.110542

Kamali M, Hewage K, Milani AS (2018) Life cycle sustainability per-
formance assessment framework for residential modular build-
ings: Aggregated sustainability indices. Build Environ 138:21-41.
https://doi.org/10.1016/j.buildenv.2018.04.019

Kao C (1999) Spurious regression and residual-based tests for cointe-
gration in panel data. ] Econometrics 90(1):1-44. https://doi.org/
10.1016/S0304-4076(98)00023-2

Karaca F, Guney M, Kumisbek A, Kaskina D, Tokbolat S (2020) A
new stakeholder opinion-based rapid sustainability assessment
method (RSAM) for existing residential buildings. Sustain Cities
Soc 60:102155. https://doi.org/10.1016/j.s¢cs.2020.102155

Khan SAR, Zhang Y, Anees M, Golpira H, Lahmar A, Dong QL (2018)
Green supply chain management, economic growth and environ-
ment: A GMM based evidence. J Clean Prod 185:588-599. https://
doi.org/10.1016/j.jclepro.2018.02.226

Lazar N, Chithra K (2021) Evaluation of sustainability criteria for resi-
dential buildings of tropical climate: The stakeholder perspective.
Energ Build 232:110654. https://doi.org/10.1016/j.enbuild.2020.
110654

Li B, Han SW, Wang YF, Li JY, Wang Y (2020) Feasibility assess-
ment of the carbon emissions peak in China’s construction indus-
try: Factor decomposition and peak forecast. Sci Total Environ
706:135716. https://doi.org/10.1016/j.scitotenv.2019.135716

Li DZ, Huang GY, Zhang GM, Wang JB (2020) Driving factors of total
carbon emissions from the construction industry in Jiangsu Prov-
ince, China. J Clean Prod 276:123179. https://doi.org/10.1016/].
jelepro.2020.123179

Li H, Lo K, Wang M (2015) Economic transformation of mining cities
in transition economies: lessons from Daqing. Northeast China
Int Dev Plann Rev 37(3):311-328. https://doi.org/10.3828/idpr.
2015.19

Lin BQ, Liu HX (2015) CO2 mitigation potential in China’s build-
ing construction industry: A comparison of energy performance.
Build Environ 94:239-251. https://doi.org/10.1016/j.buildenv.
2015.08.013

Liu JX, Ma HC, Wang QS, Tian S, Xu Y, Zhang YJ, Yuan XL, Ma Q,
Xu'Y, Yang S (2022) Optimization of energy consumption struc-
ture based on carbon emission reduction target: A case study in
Shandong Province. China Chin J Popul Resour 20(2):125-135.
https://doi.org/10.1016/j.cjpre.2022.06.003

Liu Y (2015) The carbon emission evaluation model based on building
life cycle. Dalian University of Technology

Llatas C, Soust-Verdaguer B, Passer A (2020) Implementing Life Cycle
Sustainability Assessment during design stages in Building Infor-
mation Modelling: From systematic literature review to a meth-
odological approach. Build Environ 182:107164. https://doi.org/
10.1016/j.buildenv.2020.107164

Maddala GS, Wu S (1999) A Comparative Study of Unit Root Tests
with Panel Data and a New Simple Test. Oxf Bull Econ Stat
61:631-652. https://doi.org/10.1111/1468-0084.0610s1631

Malmgren L, Mjornell K (2015) Application of a Decision Sup-
port Tool in Three Renovation Projects. Sustainability-Basel
7(9):12521-12538. https://doi.org/10.3390/su70912521

Moon H, Hyun C, Hong T (2014) Prediction Model of CO2 Emis-
sion for Residential Buildings in South Korea. ] Manage Eng
30(3):04014001. https://doi.org/10.1061/(asce)me.1943-5479.
0000228

MOST (2022) Ministry of Science and Technology of the People's
Republic of China, Technology support carbon peak carbon

@ Springer

and carbon neutralization implementation plan (2022-2030).
Retrieved from http://www.gov.cn/zhengce/zhengceku/2022-
08/18/5705865/files/94318119b8464e2583a3d4284df9¢c855.
pdf. Accessed 18 Aug 2022

Nassen J, Holmberg J, Wadeskog A, Nyman M (2007) Direct
and indirect energy use and carbon emissions in the produc-
tion phase of buildings: an input-output analysis. Energy
32(9):1593-1602. https://doi.org/10.1016/j.energy.2007.01.002

National Bureau of Statistics (2021) China Energy Statistical Year-
book, 2011-2021. China Statistics Press, Beijing

National Bureau of Statistics (2021) China Statistical Yearbook on
Construction 2011-2021. China Statistics Press, Beijing

National Bureau of Statistics (2021) China Statistical Yearbook,
2011-2021. China Statistics Press, Beijing

National Development and Reform Commission (2011) Guideline
for provincial greenhouse gas inventories in Chinese. Retrieved
from http://www.gxdtrc.cn/h-nd-217.html. Accessed 1 May
2011

Onat NC, Kucukvar M, Tatari O (2014) Integrating triple bottom
line input-output analysis into life cycle sustainability assess-
ment framework: the case for US buildings. Int J Life Cycle Ass
19(8):1488-1505. https://doi.org/10.1007/s11367-014-0753-y

Payyanapotta A, Thomas A (2021) An analytical hierarchy based
optimization framework to aid sustainable assessment of build-
ings. J Build Eng 35:102003. https://doi.org/10.1016/j.jobe.
2020.102003

Peng CH (2016) Calculation of a building’s life cycle carbon emissions
based on Ecotect and building information modeling. J Clean Prod
112:453-465. https://doi.org/10.1016/j.jclepro.2015.08.078

Pui KL, Othman J (2019) The influence of economic, technical, and
social aspects on energy-associated CO2 emissions in Malay-
sia: An extended Kaya identity approach. Energy 181:468-493.
https://doi.org/10.1016/j.energy.2019.05.168

Shan YL, Guan DB, Zheng HR, Ou JM, Li Y, Meng J, Mi ZF, Liu Z,
Zhang Q (2018) Data Descriptor: China CO2 emission accounts
1997-2015. Scientific Data 5:170201. https://doi.org/10.1038/
sdata.2017.201

Shandong Provincial Bureau of Statistics (2021) Shandong Statistical
Yearbook, 2011-2021. China Statistics Press, Beijing

Shandong Provincial Bureau of Statistics (2023) Statistical Bulletin of
National Economic and Social Development of Shandong Prov-
ince in 2022. Retrieved from http://tjj.shandong.gov.cn/art/2023/3/
2/art_6196_10303466.html. Accessed 2 Mar 2023

Shandong Provincial People’s Government (2022) Shandong Prov-
ince carbon peak implementation plan. Retrieved from http://
www.shandong.gov.cn/art/2023/1/29/art_100623_42074.html.
Accessed 18 Dec 2022

Shi Q, Chen JD, Shen LY (2017) Driving factors of the changes in the
carbon emissions in the Chinese construction industry. J Clean
Prod 166:615-627. https://doi.org/10.1016/j.jclepro.2017.08.056

Shorrock LD, Dunster JE (1997) The physically-based Model
BREHOMES and its use in deriving scenarios for the energy use
and carbon dioxide emissions of the UK housing stock. Energ Policy
25(12):1027-1037. https://doi.org/10.1016/S0301-4215(97)00130-4

Stephan A, Stephan L (2014) Reducing the total life cycle energy
demand of recent residential buildings in Lebanon. Energy
74:618-637. https://doi.org/10.1016/j.energy.2014.07.028

Tokede OO, Roetzel A, Ruge G (2021) A holistic life cycle sustain-
ability evaluation of a building project. Sustain Cities Soc 73:103.
https://doi.org/10.1016/j.scs.2021.103107

UNFCCC (2015) Submitted Intended Nationally Determined Contribu-
tions (INDCs). Retrieved from http://www.c2es.org/international/
2015-agreement/indcs. Accessed 1 Nov 2015

UNSDG (2015) United Nations Sustainable Development Goals.
Retrieved from https://www.un.org/sustainabledevelopment/zh/
sustainable-development-goals/. Accessed 25 Sept 2015


https://www.ipcc.ch/report/2006-ipcc-guidelines-fornational-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2006-ipcc-guidelines-fornational-greenhouse-gas-inventories/
https://doi.org/10.1016/j.enbuild.2020.110542
https://doi.org/10.1016/j.buildenv.2018.04.019
https://doi.org/10.1016/S0304-4076(98)00023-2
https://doi.org/10.1016/S0304-4076(98)00023-2
https://doi.org/10.1016/j.scs.2020.102155
https://doi.org/10.1016/j.jclepro.2018.02.226
https://doi.org/10.1016/j.jclepro.2018.02.226
https://doi.org/10.1016/j.enbuild.2020.110654
https://doi.org/10.1016/j.enbuild.2020.110654
https://doi.org/10.1016/j.scitotenv.2019.135716
https://doi.org/10.1016/j.jclepro.2020.123179
https://doi.org/10.1016/j.jclepro.2020.123179
https://doi.org/10.3828/idpr.2015.19
https://doi.org/10.3828/idpr.2015.19
https://doi.org/10.1016/j.buildenv.2015.08.013
https://doi.org/10.1016/j.buildenv.2015.08.013
https://doi.org/10.1016/j.cjpre.2022.06.003
https://doi.org/10.1016/j.buildenv.2020.107164
https://doi.org/10.1016/j.buildenv.2020.107164
https://doi.org/10.1111/1468-0084.0610s1631
https://doi.org/10.3390/su70912521
https://doi.org/10.1061/(asce)me.1943-5479.0000228
https://doi.org/10.1061/(asce)me.1943-5479.0000228
http://www.gov.cn/zhengce/zhengceku/2022-08/18/5705865/files/94318119b8464e2583a3d4284df9c855.pdf
http://www.gov.cn/zhengce/zhengceku/2022-08/18/5705865/files/94318119b8464e2583a3d4284df9c855.pdf
http://www.gov.cn/zhengce/zhengceku/2022-08/18/5705865/files/94318119b8464e2583a3d4284df9c855.pdf
https://doi.org/10.1016/j.energy.2007.01.002
http://www.gxdtrc.cn/h-nd-217.html
https://doi.org/10.1007/s11367-014-0753-y
https://doi.org/10.1016/j.jobe.2020.102003
https://doi.org/10.1016/j.jobe.2020.102003
https://doi.org/10.1016/j.jclepro.2015.08.078
https://doi.org/10.1016/j.energy.2019.05.168
https://doi.org/10.1038/sdata.2017.201
https://doi.org/10.1038/sdata.2017.201
http://tjj.shandong.gov.cn/art/2023/3/2/art_6196_10303466.html
http://tjj.shandong.gov.cn/art/2023/3/2/art_6196_10303466.html
http://www.shandong.gov.cn/art/2023/1/29/art_100623_42074.html
http://www.shandong.gov.cn/art/2023/1/29/art_100623_42074.html
https://doi.org/10.1016/j.jclepro.2017.08.056
https://doi.org/10.1016/S0301-4215(97)00130-4
https://doi.org/10.1016/j.energy.2014.07.028
https://doi.org/10.1016/j.scs.2021.103107
http://www.c2es.org/international/2015-agreement/indcs
http://www.c2es.org/international/2015-agreement/indcs
https://www.un.org/sustainabledevelopment/zh/sustainable-development-goals/
https://www.un.org/sustainabledevelopment/zh/sustainable-development-goals/

Environmental Science and Pollution Research (2023) 30:86437-86453

86453

Wang H, Ang BW, Su B (2017) Assessing drivers of economy-
wide energy use and emissions: IDA versus SDA. Energ Policy
107:585-599. https://doi.org/10.1016/j.enpol.2017.05.034

Washington S, Karlaftis M, Mannering F (2020) Statistical and Econo-
metric Methods for Transportation Data Analysis. Chapman and
Hall/CRC. https://doi.org/10.1201/9780429244018

Wu Y, Chau KW, Lu WS, Shen LY, Shuai CY, Chen JD (2018) Decou-
pling relationship between economic output and carbon emis-
sion in the Chinese construction industry. Environ Impact Asses
71:60-69. https://doi.org/10.1016/j.eiar.2018.04.001

Xie SC (2014) The driving forces of China’s energy use from 1992 to
2010: An empirical study of input-output and structural decom-
position analysis. Energy Policy 73:401-415. https://doi.org/10.
1016/j.enpol.2014.05.035

Yeo ZQ, Ng RS, Song B (2016) Technique for quantification of embod-
ied carbon footprint of construction projects using probabilistic
emission factor estimators. J Clean Prod 119:135-151. https://doi.
org/10.1016/j.jclepro.2016.01.076

Zellner A (1962) An Efficient Method of Estimating Seemingly Unrelated
Regressions and Tests for Aggregation Bias. J Amer Statist Assoc
57(298):348-368. https://doi.org/10.1080/01621459.1962.10480664

Zhang SX, Li ZF, Ning X, Li L (2021) Gauging the impacts of urbani-
zation on CO2 emissions from the construction industry: Evi-
dence from China. J Environ Manag 288:112440. https://doi.org/
10.1016/j.jenvman.2021.112440

Zhang XC, Wang FL (2016a) Hybrid input-output analysis for life-
cycle energy consumption and carbon emissions of China’s build-
ing sector. Build Environ 104:188-197. https://doi.org/10.1016/j.
buildenv.2016.05.018

Zhang XC, Wang FL (2016b) Assessment of embodied carbon emis-
sions for building construction in China: Comparative case studies

using alternative methods. Energ Build 130:330-340. https://doi.
org/10.1016/j.enbuild.2016.08.080

Zhang XC, Wang FL (2017) Life-cycle carbon emission assessment
and permit allocation methods: A multi-region case study of Chi-
na’s construction sector. Ecol Ind 72:910-920. https://doi.org/10.
1016/j.ecolind.2016.09.023

Zheng XY, Easa SM, Yang ZX, Ji T, Jiang ZL (2019) Life-cycle sus-
tainability assessment of pavement maintenance alternatives:
Methodology and case study. J Clean Prod 213:659-672. https://
doi.org/10.1016/j.jclepro.2018.12.227

Zhou JY, Li YH, Ren DD (2022) Quantitative study on external ben-
efits of prefabricated buildings: From perspectives of economy,
environment, and society. Sustain Cities Soc 86:104132. https://
doi.org/10.1016/.s¢s.2022.104132

Zhou N, Fridley D, Khanna NZ, Ke J, McNeil M, Levine M (2013)
China’s energy and emissions outlook to 2050: Perspectives from
bottom-up energy end-use model. Energ Policy 53:51-62. https://
doi.org/10.1016/j.enpol.2012.09.065

Zhu C, Chang Y, Li XD, Shan MY (2022) Factors influencing embod-
ied carbon emissions of China’s building sector: An analysis based
on extended STIRPAT modeling. Energy Build 255:111607.
https://doi.org/10.1016/j.enbuild.2021.111607

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1016/j.enpol.2017.05.034
https://doi.org/10.1201/9780429244018
https://doi.org/10.1016/j.eiar.2018.04.001
https://doi.org/10.1016/j.enpol.2014.05.035
https://doi.org/10.1016/j.enpol.2014.05.035
https://doi.org/10.1016/j.jclepro.2016.01.076
https://doi.org/10.1016/j.jclepro.2016.01.076
https://doi.org/10.1080/01621459.1962.10480664
https://doi.org/10.1016/j.jenvman.2021.112440
https://doi.org/10.1016/j.jenvman.2021.112440
https://doi.org/10.1016/j.buildenv.2016.05.018
https://doi.org/10.1016/j.buildenv.2016.05.018
https://doi.org/10.1016/j.enbuild.2016.08.080
https://doi.org/10.1016/j.enbuild.2016.08.080
https://doi.org/10.1016/j.ecolind.2016.09.023
https://doi.org/10.1016/j.ecolind.2016.09.023
https://doi.org/10.1016/j.jclepro.2018.12.227
https://doi.org/10.1016/j.jclepro.2018.12.227
https://doi.org/10.1016/j.scs.2022.104132
https://doi.org/10.1016/j.scs.2022.104132
https://doi.org/10.1016/j.enpol.2012.09.065
https://doi.org/10.1016/j.enpol.2012.09.065
https://doi.org/10.1016/j.enbuild.2021.111607

	Research on economic and social impact of carbon emissions in the construction industry at a regional scale: a case of Shandong, China
	Abstract
	Introduction
	Literature review
	Methodologies
	Calculation of the whole life cycle carbon emissions based on production processes
	Calculation of carbon emissions in the materialization phase
	Calculation of carbon emissions in the operation phase
	Calculation of carbon emissions in the demolition phase

	Economic and social impact factors of whole life cycle carbon emissions in the construction industry
	Analysis methods
	Modeling
	Model fit effect and significance test
	Data sources


	Results and analyses
	Analysis of the whole life cycle carbon emissions of the construction industry in Shandong Province
	Tests of data stationarity and cointegration
	Analysis of the SUR model

	Discussion
	Conclusions and policy implications
	Appendix
	References


