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Abstract: This paper proposes a new life cycle assessment (LCA) statistics method to calculate the
energy consumption of Chinese buildings from the perspective of LCA under the sustainable supply
chain system. We divide the life cycle of buildings into the materialization stage, the construction
stage, and the operation stage. Based on the new LCA statistics method, we obtain the following
findings. First, the growth of total building energy consumption has slowed down since 2014, and
its share of the Chinese total energy consumption levels off, remaining at about 40%. In 2018, the
stages of materialization, construction, and operation account for about 34.02%, 4.65%, and 61.33% in
total building energy consumption, respectively. Second, the materialization and operation stages
are the main sources of energy consumption in the whole supply chain. Energy consumption in the
materialization stage has been declining year by year since 2014, due to the impact of energy-saving
policy. Moreover, we find that energy consumption in the operation and construction stages has been
increasing year by year. Finally, in the life cycle of Chinese buildings, energy consumption in the
operation stage plays a dominant role. This paper puts forward some managerial suggestions to
relevant departments and provides some measures to optimize energy consumption in the Chinese
building industry.

Keywords: sustainability; supply chain of construction industry; building energy consumption; life
cycle assessment; building embodied sector

1. Introduction

Nowadays, energy shortage and excessive emission of greenhouse gas have become
hot topics in the world [1,2]. After more than 30 years of rapid economic development,
China has become the world’s largest carbon transfer site and has surpassed the United
States as the world’s largest carbon emitter since 2005 [3,4]. Economic development is
inevitably accompanied by an increase in energy consumption [5]. In 2017, China’s total
energy consumption reached 4.49 billion tons of standard coal, 6.9 times higher than
1978, with an average annual growth rate of about 5.4% [6]. The Chinese Revolutionary
Action Plan on Energy Production and Consumption has set a goal of limiting total energy
consumption to 6 billion tons of coal equivalent, with non-fossil energy accounting for no
less than 20% by 2030 [7]. As a result, China faces serious challenges in reducing energy
consumption and coping with increasing environmental problems [8].

With the above attention to energy issues, the energy transformation of China has
achieved great progress in recent years. The development of new energy and renewable
energy is gradually improving [9–11]. However, energy problems such as excessive produc-
tion, unreasonable energy consumption, energy shortage, and lack of effective regulation
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still exist [12,13]. In addition to energy transformation and the active promotion of new
energy development, energy conservation and emission reduction are also very important
to solve energy problems [14–16].

Specifically, the construction industry is one of the most energy and carbon-intensive
industries, accounting for about 30% to 40% of the global total energy consumption and
more than one-third of the global CO2 emissions [16]. China has become the second-largest
country in terms of building energy consumption. With the urbanization in China in
recent years, total building energy consumption keeps increasing. As demonstrated in
Guo et al. [17], building energy consumption in China has grown continually from 2001 to
2014. By the end of 2015, China’s overall floorage had exceeded 60 billion square meters.
According to the new Urbanization Plan (2014–2020), China’s overall floorage will exceed
70 billion square meters by 2030, and the government sector will face a more severe situation
regarding energy conservation and emission reduction [18,19].

To achieve the goal of energy conservation and emission reduction in the building sec-
tor, it is necessary to have an accurate baseline evaluation of building energy consumption,
and a clear goal of building energy consumption control. Evaluation and accurate data of
building energy consumption are also essential to provide a benchmark for policy-making
of the construction sector, which can serve as an important reference for evaluating the
measures of energy conservation and emission reduction.

In previous literature, several energy conversion methods have been designed with
changes in statistical range to calculate building energy consumption [20,21]. This mi-
croscopic view provides detailed data for the energy consumption planning of a specific
building. However, building energy consumption is inseparable from other industries as
all industries cannot exist independently of buildings. The heterogeneity of the existing
literature hinders the government’s efforts in energy planning and policy assessment from
a macrolevel. A more comprehensive perspective should be considered when measuring
and evaluating building energy consumption [22]. Some researchers have calculated the
energy consumption generated by the whole supply chain of the Chinese construction
industry and then determined the energy consumption of the Chinese buildings [23,24].
Therefore, it is worth using the LCA theory from the national level of the supply chain of
the construction industry to evaluate the energy consumption of the Chinese buildings.

LCA has been applied to the construction industry for about 10 years [25,26]. As
it takes a comprehensive and systematic approach to environmental assessment; LCA
methods have been incorporated into the construction industry to select eco-friendly prod-
ucts [27], evaluate performance [1], and optimize construction processes [28]. In the specific
LCA steps, a building can be subdivided into the materialization stage, transportation
stage, construction stage, operation stage, and demolition stage [28–30]. However, most
studies focus on civil building and operation energy consumption, few of them cover the
construction and demolition stages.

Moreover, there are some studies about the building energy consumption at the
national level [6,23]. By tracing sources along the supply chains, Li et al. [6] find that the
effects of China’s building construction at the national and global scales are calculated
as 55.21% and 5.67% of energy consumption, respectively. Some studies have found that
energy consumption in the operation stage of buildings accounts for about 70% of the
building’s total energy consumption [23]; however, for the remaining 30%, which also has
the potential to be optimized, there is a lack of attention. In other words, the calculation
method of building energy consumption is fragmented [31]. Some researchers choose to
accept or renounce all of the indexes and calculation methods from industrial enterprises
when incorporating them into building energy consumption. Others mainly compute the
energy consumption of building materials in the construction field but ignore the building
energy consumption of industrial enterprises.

Based on the above discussions, this paper focuses on the following questions: First,
how should the Chinese building energy consumption be calculated more comprehensively
and accurately? Second, what are the differences among the materialization stage, con-
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struction stage, and operation stage of Chinese building energy consumption during recent
years? Third, what policies should be kept or strengthened to control building energy
consumption effectively?

To answer the aforementioned questions, we consider the building energy consump-
tion within related industries, such as mineral mining, building materials manufacturing,
and construction-related transportation, and incorporate them all into the calculation of the
materialization, construction, and the operation stages of building energy consumption,
based on LCA. A calculation model, which includes the materialization, construction, and
the operation stages, is proposed to calculate the total energy consumption in various
industries, from the perspective of the whole life cycle.

Based on the new LCA statistics method, several novel findings are obtained, as
follows. Our first finding is that Chinese building energy consumption continues to grow.
Since 2014, Chinese building energy consumption at each stage has been stable. The
growth of total building energy consumption has slowed down, and its share of China’s
total energy consumption has leveled off, remaining at about 40%. Second, we find that
the materialization and operation stages are the main sources of energy consumption in
the whole supply chain. Energy consumption at the materialization stage is affected by
energy-saving policy, and has been decreasing year by year since 2014. Third, the energy
consumption in the operation and the construction stages has been increasing year by year.
In the life cycle of Chinese buildings, energy consumption in the operation stage plays a
dominant role.

This paper contributes to the extant studies in the following three aspects. First, we
propose a novel calculation model to calculate the total energy consumption of different
building stages in various industries from the perspective of the whole life cycle. Second,
this paper focuses on building energy consumption within related industries and takes them
all into consideration. The related industries include mineral mining, building materials
manufacturing, construction-related transportation, construction, and so on. Third, we
propose a new LCA statistics method to calculate the energy consumption of the Chinese
buildings under the sustainable supply chain system.

Some managerial implications of this paper can be summarized as the following four
aspects. First, we need to pay more attention to the recovery and reuse of construction waste
and greatly encourage the use of construction waste recycling in prefabricated buildings.
Second, it is hopeful to use BIM technology to promote the development of the construction
industry and pave the way for energy conservation and emission reduction in the whole life
cycle of buildings. Third, the application of hybrid renewable energy systems in ultra-low
and near-zero energy consumption buildings should be vigorously promoted. Finally,
improving people’s consciousness of energy conservation is one of the most effective ways
to reduce energy consumption in the building operation stage.

The remainder of the paper is structured as follows. In Section 2, compared with
the existing literature on building energy consumption and life-cycle methods, this paper
uses LCA statistics method to measure the building energy consumption, with a compre-
hensive consideration related to the construction industry. To be more in line with actual
practice, the LCA-based evaluation model is constructed in Section 3 to cover the mate-
rialization, construction, and operation stages. Results and analysis of Chinese building
energy consumption are provided in Section 4. Strategies to reduce energy consumption
and carbon emissions are proposed for each stage in Section 5. In Section 6, we provide
several theoretical contributions and managerial implications and outline some future
research directions.

2. Literature Review
2.1. Scopes and Methods of Building Energy Consumption

There are different explanations of building energy consumption in academic literature,
such as materialization, construction, operation, and energy consumption of the whole life
cycle of buildings [27]. Generally, construction energy consumption refers to the energy
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consumption in the construction stage of the building [32], and materialization energy
consumption refers to the total energy consumption involved in mining, processing, and
manufacturing and transportation from the mining of raw materials to building materials,
which are transported to the construction site [33]. Building operation energy consumption
refers to the energy consumption in the operation stage [34–36]. Some scholars collectively
refer to the sum of materialization and construction energy consumption as building energy
consumption [37].

In the existing literature, there are many papers about different stages of building
energy consumption. The materialization energy consumption of Chinese buildings cal-
culated by Hong et al. [24] includes direct and indirect energy input in the whole supply
chain of the construction industry. Zhang et al. [31] estimate the total energy consumption
of the materialization, construction, and operation stages. Zhang and Wang [23] divide
the building life cycle into three stages, namely, the construction, operation, and disposal
stages. Zhang et al. [33] study the energy consumption of the construction stage, and
that of the extraction, manufacturing, and transportation of building materials in China.
Huo et al. [38] define Chinese building energy consumption as the operation energy con-
sumption of domestic buildings, which excludes construction and industrial buildings. In
general, energy consumption in the construction and operation stages is rarely studied by
existing works.

Firstly, for the macro data, the basic idea is to separate the energy consumption associ-
ated with the building from the statistical data and then add them together [31]. Specifically,
Zhang and Wang [23] calculate the direct energy consumption of Chinese buildings at
different stages, the indirect energy consumption of electricity and heat, and the energy con-
sumption generated by the supply chain, based on domestic macro statistics. Huo et al. [38]
calculate the operation energy consumption of Chinese buildings by cutting the energy
balance sheet in the Chinese Energy Statistics Yearbook. Li et al. [6] systematically quantify
the embodied energy consumption of case buildings in Beijing based on the multi-scale
intensity databases. Secondly, based on the comprehensive energy intensity method, the
energy intensity of various buildings is investigated and calculated according to the energy
dissipation characteristics and building area [39]. Thirdly, a model-based approach can
be used to calculate or simulate energy consumption, and include top-down and bottom-
up models based on the different levels of available input data. For instance, based on
previous studies, Zhang et al. [33] discuss the energy consumption of the construction
industry by adopting the modeling method of energy consumption calculation of extrac-
tion, manufacturing, and transportation. Hong et al. [24] calculate the materialization
energy consumption of Chinese buildings by combining relevant economic and energy
consumption data in the statistical yearbook. Recently, Wenninger et al. [40] put forward
a new method, namely the QLattice method, to predict the annual energy consumption
of German residential buildings. It should be noticed that the energy consumption of the
construction industry has been recorded as energy consumption in the construction stage,
without considering the transportation part in the energy statistical yearbook.

Our paper differs from the above papers in the following aspects. First, most of
the data used in the previous papers come from the China Energy Statistical Yearbook,
but only some parts of the data are selected for one stage. This ignores the potential
energy consumption of other related industries. Therefore, we propose a novel calculation
model to calculate the total energy consumption of different stages in various industries
from the perspective of the whole life cycle. Second, most of existing studies mainly
consider the energy consumption of materials or the operation stage of the building, there
is little research on the construction stage. Different from the previous studies, this paper
focuses on building energy consumption within related industries and takes them all
into consideration. The related industries include mineral mining, building materials
manufacturing, construction-related transportation, construction, and so on.
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2.2. Energy Consumption Analysis Based on the LCA

Life cycle energy consumption of buildings refers to the total energy consumption
in the whole life cycle of a building, including energy consumption in building material
production, construction, building operation, and building demolition [28,29]. Therefore,
life-cycle building energy consumption is more in line with the actual situation.

Many attempts have been made by scholars to evaluate the relationship between ma-
terials, components, systems of buildings, and the environment from the LCA perspective.
Ramesh et al. [41] conduct a rigorous review of the analysis of building life-cycle energy
generated by 73 cases in 13 countries and find that energy consumption in the operation and
the materialization stages is the most important in the building life cycle. Hong et al. [42]
develop an integrated framework for the embodied energy quantification of Chinese build-
ings from a multi-regional perspective. In the study of Chen et al. [43], building energy
consumption refers to the terminal energy consumption in the transportation, construction,
and operation stages of building materials. Motalebi et al. [44] propose a new framework
combining mathematical optimization, building information modeling (BIM), and LCA
to improve the energy efficiency of existing buildings through the application of energy
retrofitting measures.

Three approaches of carrying LCA are mainly used. The first one is the Process-LCA.
Based on the process analysis, different subsystems of the study subjects are divided,
and the input of energy and resources, the output of emissions in each subsystem, and
environmental impact are quantitatively analyzed. Each process is analyzed “from top to
bottom” throughout the overall target system [45]. Felmer et al. [46] use LCA to evaluate the
carbon footprint of a medium-rise, low-energy residential building in central Chile by using
a large amount of wood products. The second approach is the Economic Input-Output
based LCA (EIO-LCA), which is a combination of LCA and the input-output analysis
method of environmental quantitative assessment, by adding environmental impact factors
to the economic input-output model. EIO-LCA is often used to estimate the environmental
impact of material manufacturing in infrastructure construction with a national average
public data set. Chen et al. [47] use the EIO-LCA approach to quantify the net transfer of
energy consumption and identify the transfer of energy consumption pressure in various
sectors of economic activities. The third approach is the Hybrid-LCA that synthesizes
the process LCA and EIO-LCA method [6,42]. It focuses on the advantages of these two
methods together and considers the comprehensiveness, integrity, and particularity of the
whole system, making results more reasonable and reliable [48]. The research on building
energy consumption with LCA has been mature in the world; however, there are few
pieces of research on the application of LCA to building energy consumption in China.
The Chinese statistical statement system is also conducive to the study of LCA from a
macro perspective.

Different from the previous studies, which rarely discuss the form of mixed existence
of building energy consumption with other industries, this paper considers the building en-
ergy consumption within related industries, such as the mineral mining, building materials
manufacturing, and construction-related transportation, and takes them all into calculation
of the materialization, construction, and operation stages of building energy consumption,
based on LCA.

2.3. Summary of Literature Review

Sections 2.1 and 2.2 review and summarize the research on scopes and methods of
building energy consumption and energy consumption analysis, based on LCA. We find
that there are three deficiencies in existing research. First, the existing literature mainly
consider the energy consumption of materials or the operation stages of the building. There
is a lack of comprehensive studies about the three-stage framework for the life cycle of
buildings (i.e., materialization, construction, and operation stages). Second, most of the
aforementioned papers do not take the mixed existence of building energy consumption
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with other industries into consideration. Third, the previous studies rarely discuss the form
of a mixed existence of building energy consumption with other industries.

Table 1 demonstrates a summary of the above-mentioned literature, which is classified
based on the scope of building energy consumption, whether the calculation of energy
consumption covers other related industries and methods of calculation for building energy
consumption. Compared with relevant works, the most important contributions of this
paper are in the following four aspects. First, we focus on investigating a new model to
calculate the total energy consumption of different building stages. Second, unlike some
prior studies assuming that the building energy consumption does not contain other related
industries, we investigate building energy consumption from the perspective of the whole
life cycle by considering the energy consumption of other related industries. Third, we
propose a new LCA statistics method to calculate the energy consumption of Chinese
buildings, from the perspective of life cycle assessment under the sustainable supply chain
system. These unique features make the present work different from the existing literature.

Table 1. Comparison of previous literature with this paper.

Articles Scopes of the Building
Energy Consumption

Whether the
Calculation Covers
Related Industries

Methods of Building
Energy Consumption

LCA-Based
Calculation Method

Hong et al. [42] Materialization No Model-based EIO-LCA

Zhang et al. [33] Construction No Model-based Process-LCA

Huo et al. [38] Operation Yes Macro data Hybrid-LCA

Zhang et al. [31]
Materialization

Yes Macro data Process-LCAConstruction
Operation

Zhang and Wang [23] Construction
Yes Macro data Hybrid-LCA

Operation

This paper
Materialization

Yes Macro data Process-LCAConstruction
Operation

3. LCA-Based Calculation Model
3.1. Identification and Division

By summarizing the existing studies of LCA, Zhang et al. [31] and Chen et al. [43], the
whole life cycle of buildings is divided into three stages: the materialization, construction,
and operation stages. The first is the materialization stage, which usually means product
life cycle (namely, raw material supply, mining, manufacturing, transportation to the
production site, and manufacturing). It is mainly the mining and processing of building
materials in the industry, the production energy consumption of component manufacturing,
and transportation. The second stage is the construction stage, which mainly refers to
the total energy consumption of the construction site for various construction processes,
mechanical operation, and related production auxiliary facilities, transportation to the
construction site and construction, and energy consumption in the construction process of
building demolition and waste transportation. The third stage is the operation stage, which
includes the energy consumption involved in the use of the building for maintenance,
repair, replacement, heating, ventilation, air conditioning, lighting, household appliances,
elevators, cooking, etc.

3.2. Data Collection

As there are many types of direct and indirect energy consumption involved in
building energy consumption at the macro level, it is difficult to calculate them under
the life cycle of the buildings. In terms of various data sources, the relevant data in the
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Chinese Statistical Yearbook is comprehensive and easy to access. Therefore, this paper
puts forward a calculation method of various related industries based on it.

In the Chinese Statistical Yearbook, the Chinese energy consumption industry is
divided into seven categories: (1) agriculture, forestry, animal husbandry, and fishery,
(2) industry, (3) construction industry, (4) transportation, warehousing, and postal services,
(5) wholesale, retail, accommodation, and catering industries, (6) other industries, and
(7) living expenses. The daily operation of these seven industries is closely related to
building energy consumption; therefore, it can well reflect the building energy consumption
by proper treatment of these data.

The primary data in this paper are obtained from the Chinese Statistical Yearbook, the
Chinese Energy Statistical Yearbook, and the Chinese Urban Construction Yearbook. The
latest data of the energy part of the three data sources are all from 2018.

3.3. Building Energy Consumption
3.3.1. Building Energy Consumption of the Construction Industry

According to the statistical yearbook, the energy consumption of the construction
industry mainly refers to the energy consumption of construction units, construction
installation, main projects, temporary projects, affiliated industrial production units, and
part of the building operation stage. Here, the energy consumption of each project and
the affiliated industrial production unit are counted into the construction stage. Energy
consumption of the construction industry in the statistical yearbook is used to represent
the energy consumption in the construction stage:

Ea = E1 (1)

where Ea is building energy consumption of the construction industry and E1 is total energy
consumption of the construction industry.

3.3.2. Building Energy Consumption of the Engineering Industry

Energy consumption of the industrial industry mainly includes building energy con-
sumption in the materialization and the operation stage. It includes all kinds of energy
consumption used by industrial enterprises for production and non-production, no matter
whether the energy products are used as fuel or as raw materials. It can be divided into
three parts: (1) energy consumption of mining of building and raw materials, processing
of building materials, production of machinery, (2) energy use of ancillary production
departments that serve the main production system, and (3) energy consumption of non-
productive sectors of industry, such as affiliated research institutes, schools, hospitals,
canteens, nurseries, and construction teams.

The above energy consumption should be included in the measurement model. How-
ever, in the existing available statistics, only the final energy consumption were counted
due to a lack of detailed statistical data. In this paper, building energy consumption of the
industrial part is stated as follows:

Eb = (E211 + E223)X + (E212 + E224)Y + (E213 + E222)Z (2)

where

• Eb: energy consumption of industrial buildings,
• E211 denotes total energy consumption of the ferrous metal mining industry,
• E212 represents total energy consumption of the non-ferrous metal mining industry,
• E213 denotes total energy consumption of the non-metallic ore mining industry,
• E222 captures total energy consumption of the non-metallic mineral manu-

facturing industry,
• E223 represents total energy consumption of the metal smelting and rolling process-

ing industries,
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• E224 stands for total energy consumption of the non-ferrous metal smelting and rolling
processing industries, and

• X, Y, Z represent the ferrous/non-ferrous/non-metallic industries related to the ratio
of building consumption. The detailed values of X, Y, and Z over the years are
summarized in Table 2.

Table 2. X, Y, and Z values over the year.

Year 2000 2001 2002 2004 2005 2006 2007 2008 2009

X 0.41 0.41 0.41 0.41 0.41 0.50 0.50 0.50 0.50
Y 0.25 0.25 0.25 0.25 0.25 0.28 0.28 0.28 0.28
Z 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90

Year 2010 2011 2012 2014 2015 2016 2017 2018

X 0.55 0.55 0.55 0.58 0.58 0.58 0.58 0.58
Y 0.28 0.32 0.32 0.32 0.32 0.35 0.35 0.35
Z 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90

3.3.3. Building Energy Consumption of the Transportation and Storage Industry

In the statistical yearbook, energy consumption is counted by type. In this paper,
building energy consumption of the transportation and storage industry refers to the en-
ergy consumption of business premises, warehouses, and affiliated units of transportation
enterprises. On the one hand, coal consumption in transportation and warehousing is
mainly used for the heating of related buildings. Therefore, the energy consumption of
transportation and warehousing should be classified as building energy consumption.
On the other hand, electricity consumption in transportation and warehousing is concen-
trated in three areas: railways, pipeline transportation, and urban public transportation.
In addition to these three electricity consumptions, the rest of the consumption can be
designated as building electricity consumption. Hence, the building energy consumption
of the transportation and storage industry can be described as the following:

Ec = E31α1 + E32Mα2 (3)

where

• Ec represents building energy consumption of transportation and storage,
• E31 denotes coal consumption of transportation and storage,
• E32 captures electricity consumption of transportation and storage, and
• M stands for building electricity consumption of transportation and warehousing.

This paper takes 40% [38].
• α1 denotes coal conversion coefficient and standard coal coefficient of raw coal. It is

0.7143 million tons of standard coal/ton (China Energy Statistics Yearbook).
• α2 denotes electric power conversion coefficient, and the conversion coefficient of

thermal power generation is 122.9 million tons/100 million kWh (China Energy Statis-
tics Yearbook).

3.3.4. Building Energy Consumption in Wholesale, Retail, Accommodation, and
Catering Industries

Energy consumption of wholesale, retail, accommodation, and catering industries
includes building, transportation, and electrical energy consumption. Here, transportation
energy consumption should be deducted when calculating building energy consumption
in these industries:

Ed = E4 − E41 (4)

E41 = E411 × 95% × α3 + E412 × 35% × α4 (5)

where
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• Ed represents building energy consumption in the wholesale, retail, accommodation,
and catering industries,

• E4 captures total energy consumption of the wholesale, retail, accommodation, and
catering industries,

• E41 denotes transportation energy consumption in the wholesale, retail, accommoda-
tion, and catering industries;

• E411 represents gasoline consumption in the wholesale, retail, accommodation, and
catering industries;

• E412 stands for diesel consumption in the wholesale, retail, accommodation, and
catering industries;

• α3 is the standard coal coefficient of gasoline, which is 14,714 tons of standard coal/ton
(China Energy Statistics Yearbook), and

• α4 is the standard coal coefficient of diesel oil, which is 144.571 million tons of standard
coal/10 thousand tons (China Energy Statistics Yearbook).

3.3.5. Building Energy Consumption in Other Related Industries

Energy consumption of other related industries is also mainly concentrated in building,
transport, and electrical energy consumption. As electricity energy consumption is often
difficult to divide from building energy consumption, especially in the case of such a
wide range of industries, electric energy consumption is included in building energy
consumption in the calculation method:

Ee = E5 − E51 (6)

E51 = E511 × 95% × α3 + E512 × 35% × α4 (7)

where

• Ee represents other industries related to building energy consumption,
• E5 stands for the total energy consumption of other industries,
• E51 denotes the transportation energy consumption in other industries,
• E511 represents the amount of gasoline consumed by other industries, and
• E512 denotes diesel consumption in other industries.

3.3.6. Building Energy Consumption of Residential Consumption Part

In the statistical yearbook, domestic energy consumption is composed of coal, coke,
gasoline, kerosene, diesel, natural gas, and electricity, among which gasoline and diesel are
mainly used for transportation. Therefore, except for those usages of transportation, the
energy consumption of daily life can be counted as building energy consumption:

E f = E6 − E61α3 − E62 × 95% × α4 (8)

where

• E f represents the building energy consumption contained in living consumption,
• E6 denotes the total consumption of domestic energy,
• E61 captures the gasoline consumption in daily consumption, and
• E62 denotes the consumption of diesel in daily consumption.

3.3.7. The Heating Energy Consumption

Heating energy consumption mainly refers to the urban central heating data in the
China Urban Construction Yearbook:

Eg = (E71 + E72)α5 (9)

where

• Eg represents the building energy consumption of heating,
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• E71 denotes total steam heating,
• E72 denotes total hot water heating, and
• α5 is the thermal standard coal coefficient, which is 0.03412 million tons of standard

coal/10,000 (China Energy Statistical Yearbook).

3.3.8. Building Energy Consumption Calculation Model

Based on the above calculation equations of building energy consumption in various
industries, the calculation model of building energy consumption can be stated by stages,
as follows:

Ey = Ec + Ed + Ee + E f + Eg (10)

Ez = Ea + Eb + Ec + Ed + Ee + E f + Eg (11)

where Ey is building energy consumption in the operation stage and Ez is building en-
ergy consumption.

4. Results and Analysis

The conversion coefficient of standard coal for energy used in this paper is from the
Chinese Energy Statistics Yearbook. The public data of the Chinese Energy Statistical
Yearbook is dealt with by the thermal power plant equivalent method. Therefore, the coal-
fired power plant equivalent method is adopted in this study as a method of converting
electric power into the standard coal equivalent. Table 3 displays the estimated results of
building energy consumption in China from 2000 to 2018.

Table 3. Calculation results of building energy in China Unit: 10,000 tons of standard coal (tce).

Year Construction Materialization Operation Building Energy
Consumption Proportion

2000 2207 24,739.92 30,731.35 57,678.27 0.39
2001 2255.02 26,024.87 30,788.39 59,068.28 0.38
2002 2409.57 25,836.12 33,223.23 61,468.92 0.36
2003 2720.66 32,329.27 38,393.56 73,443.49 0.37
2004 3114.60 37,076.32 42,684.25 82,875.16 0.36
2005 3486 52,521.05 52,050.82 108,057.87 0.41
2006 3760.73 49,550.34 51,397.95 104,709.02 0.37
2007 4127.52 53,809.25 55,482.27 113,419.04 0.36
2008 3812.53 55,619.24 59,733.9 119,165.67 0.37
2009 4712 65,618.92 65,821.35 136,152.27 0.41
2010 5533 68,178.96 69,611.29 143,323.25 0.40
2011 6052 73,602.14 75,241.48 154,895.62 0.40
2012 6337 73,455.26 80,740.18 160,532.44 0.40
2013 7017 67,756.98 86,405.02 161,179.00 0.39
2014 7377 69,499.48 90,008.44 166,884.92 0.39
2015 7545 65,770.57 95,133.35 168,448.92 0.39
2016 7847 64,958.22 101,485.70 174,290.95 0.39
2017 8243 63,576.50 111,994.30 183,813.82 0.40
2018 8685 63,576.94 114,636.60 186,898.54 0.40

4.1. Current Situation of Building Energy Consumption in China

The Chinese building energy consumptions of the materialization, construction, and
the operation stages in 2018 are provided in Figure 1. In 2018, the Chinese building
energy consumption is about 1.869 billion tce, accounting for 40% of the total energy
consumption. Energy consumption in the materialization stage is about 635.77 million tce,
accounting for about 34.02% of building total energy consumption. Energy consumption in
the construction stage is about 86.85 million tce, accounting for about 4.65% of total building
energy consumption. Energy consumption in the operation stage is about 1146.37 million
tce, accounting for 61.34% of the total building energy consumption.
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Figure 1. Building energy consumption in 2018.

From 2000 to 2018, the Chinese total building energy consumption keeps growing (see
Figure 2). The total energy consumption of buildings has increased by 3.24 times, from
577 million tce in 2000 to 1.869 billion tce in 2018, with an average annual growth rate of
6.38%. Since 2014, its growth rate has slowed down to 2.29% annually, which is 26 million
tce coal per year.
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Figure 2. Total building energy consumption in China.

From 2000 to 2009, building energy consumption accounted for about 36% to 41% total
energy consumption. In 2005 and 2009, the proportion of building energy consumption
increased significantly, reaching 41%. From 2010 to 2018, the proportion of building energy
consumption remained between 39% and 40% of total Chinese energy consumption. In
general, the proportion of building energy consumption in total energy consumption
fluctuated slightly between 36% and 41% from 2000 to 2009, and then tended to be stable
around 39% and 40% from 2010 to 2018.

From 2000 to 2018, the average proportion of the materialization, construction, and
operation stages in total building energy consumption is 4.02%, 42.77%, and 53.20%,
respectively. Furthermore, the annual growth rates of building energy consumption in the
materialization, construction, and operation stages are 5.09%, 7.48%, and 7.17%, respectively.
Although building energy consumption of the construction stage accounts for about 4% of
the building energy consumption, its annual growth rate is the highest in those 19 years.
Therefore, building energy consumption in the construction stage should be also paid
attention to, to control its growth.
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4.2. Energy Consumption in the Materialization Stage

From 2000 to 2012, the Chinese building energy consumption in the materialization
stage kept increasing, from 247.4 million tons of standard coal in 2000 to 734.5 million
tce in 2012, an increase of 2.97 times, with an average annual growth rate of 8.73% (see
Figure 3). Meanwhile, the energy consumption of the materialization stage has decreased
from 695 million to 635.8 million tce per year since 2014, with a decrease of 11.84 million tce
per year. During these 19 years, energy consumption in the materialization stage has been
maintained within the range of 39.90% to 48.06% of total building energy consumption.
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Figure 3. Chinese building energy consumption analysis of the materialization stage, from 2000 to
2018 (Unit: 10,000 tons of standard coal).

It is worth noticing that, since its peak in 2012 and 2014, energy consumption in the ma-
terialization stage as well as its proportion in building energy consumption have continued
to decline speedily. This proves that the energy policy implemented in 2012 and 2014 has
provided great help to energy conservation and emission reduction in the materialization
stage of buildings. Some instructive policies related to the building industries are listed in
the next section of strategies.

4.3. Energy Consumption in the Construction Stage

From 2000 to 2018, total Chinese building energy consumption in the construction
stage continued to grow by four times, from 0.2 billion tons of standard coal in 2000 to
0.8 billion tce in 2018, with an increase about 0.03 billion tons of standard coal per year
(see Figure 4). From 2000 to 2008, the energy consumption of the construction stage
accounted for 1.19–1.48% of the total national energy consumption, and 3.40–4.34% of the
total building energy consumption, illustrating a decreasing trend. On the other hand,
from 2009 to 2018, the energy consumption of the construction stage accounted for 1.36%
to 1.91% of national total energy consumption, and 3.80% to 4.71% of building energy
consumption, indicating an increasing trend; therefore, its proportion in the total building
energy consumption increases by 1.14% per year from 2000 to 2018.
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Figure 4. Analysis of Chinese building energy consumption in the construction period from 2000 to
2018 (Unit: 10,000 tons of standard coal).
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Although energy consumption in the construction stage is relatively low, accounting
for a relatively low proportion of total building energy consumption, it has been growing
at a stable level, which is 7.48% annually. Energy consumption in the construction stage is
greatly related to the national construction scale; therefore, its growth may be related to the
rapid development of urbanization in China. Energy consumption of the construction stage
is less affected by the outside world but is mainly related to the construction scale. Therefore,
the best way to save energy during the construction stage is to improve construction
technology and strengthen construction management.

4.4. Energy Consumption in the Operation Stage

From 2000 to 2018, the Chinese building energy consumption in the operation stage
continued to increase from 307.3 million tons to 1146.36 million tons of standard coal.
Building energy consumption has increased by 3.73 times, with an average annual growth
rate of 7.17% (see Figure 5). From 2000 to 2011, the proportion of energy consumption of
the building operation stage in building energy consumption fluctuated between 48.17%
and 54.05%. Then, from 2011 to 2018, the proportion of building energy consumption of
the operation stage in building energy consumption displayed an increasing trend, which
increased significantly from 48.57% to 61.33%, with an annual growth rate of 3.29%, or an
increase about 49.25 million tons of standard coal per year.
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Figure 5. Energy consumption analysis of the Chinese building operation stage from 2000 to 2018
(Unit: 10,000 tons of standard coal).

Therefore, the change in building energy consumption is mainly caused by the energy
consumption of the operation stage in recent years. The reduction of building energy
consumption should start by restraining energy consumption in the operation stage.

5. Optimization Strategies
5.1. Optimization Strategies for the Materialization Stage

From the above analysis, energy consumption in the materialization stage demon-
strates a downward trend while the energy consumption in other stages continues to
increase, which proves that the production efficiency of building materials in China has
been improving in recent years. This is owed to the Chinese government’s adoption of many
powerful command-controlled supervision measures during 2013 and 2014. For example,
in the middle of 2013, the Chinese government implemented ten air pollution-related
measures, including the implementation of a new mechanism of energy conservation and
emission reductions, the strict control of newly increased energy consumption in high
energy consumption industries, and so on [49]. Then, the Chinese government carried out
the “2014–2015 action plan for energy conservation, emission reduction, and low carbon
development”. The plans are listed as follows:

(1) Industrial restructuring. Backward capacity should be eliminated, especially in the
industries of iron making, steel making, cement (clinker and grinding), and flat glass.

(2) Transformation and innovation of energy-saving technology. Energy-saving tech-
nologies, such as waste heat and pressure utilization, energy system optimization,
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and energy saving of motor systems, should be applied to reconstruct engineer-
ing equipment.

(3) Industrial energy saving. Energy efficiency benchmarking should be fully imple-
mented in key energy-consuming industries, such as building materials, steel, elec-
tricity, and transportation. Energy management and control centers of industrial
enterprises should also be established.

(4) Prefabricated industries should be supported to promote the modernization of the
construction industry. Equivalent replacement or decrement replacement of energy
consumption should be applied to the new capacity of the steel and building mate-
rial industries.

However, there is still a gap between Chinese production efficiency and the interna-
tional level. The extractive industry of raw materials and building materials manufacturing
industry should continue to promote technological reform, develop new technology, and
improve production efficiency. Research and development of new building materials
should also be continued as the usage of new building materials can effectively save
energy consumption.

Attention should also be paid to the recovery and reuse of construction wastes. The
reuse of metal, wood, and available wastes can greatly reduce the input of raw materials and
reduce energy consumption. At the same time, the amount of recycled steel in demolished
buildings will keep increasing, which will have a significant impact on energy use and
emissions in the construction sector.

5.2. Optimization Strategies for the Construction Stage

(1) Project management should be improved to reduce energy consumption. There still
exists inefficiency or lack of regulation regarding the management of construction
projects in China, resulting in accelerated mechanical aging, material damage, and
unnecessary energy consumption. The immaturity of construction technology will
not only lead to excessive energy consumption in the construction stage, but also lead
to more energy consumption in the later operation stage.

(2) Selection of suppliers within a short distance between the product inventories and the
construction site should be considered to reduce energy consumption in transportation.

(3) Adoption of green buildings. Full implementation of green building standards should
be put into action for public welfare and large public buildings. Project capability
and environmental impact assessment systems should be strictly implemented. For
those regions that have not finished the energy-saving tasks, their new high energy
consumption projects should be canceled or delayed.

5.3. Optimization Strategies for the Operation Stage

Energy consumption in the operation stage is the highest in building energy consump-
tion, accounting for about 60%, and it continues to increase. Therefore, the operation stage
is key to energy-saving in building energy consumption. The energy-saving strategy of the
operation stage is listed as follows:

(1) Architectural design determines the energy consumption in the operation stage.
Through controllable design, eco-friendly or new energy-saving building materials
can be selected for the new buildings, which will be an effective method to reduce
the consumption of resources and energy, from the perspective of the life cycle. For
existing buildings, reasonable energy-saving renovation should also be carried out.
The technology of building information modelling (BIM) has been considered an ideal
digital tool to function as the data repository of all information relating to the building
lifecycle [50]. The Ministry of Housing and Urban-Rural Development issued the
Construction Industry Information Development Outline from 2011 to 2015 in May
2011 and the Architectural Engineering Design Information Model Mapping Standard
in 2019, aiming to strengthen the management of projects and standardize building
industry data.
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(2) As energy consumption in the operation stage is to meet people’s requirements for
normal study, work, and life, the most effective way is to strengthen the management
of energy conservation, to implement demand-side management mechanisms of
power, and to enhance people’s awareness of energy saving. Electricity and heat
take most of the consumption energy in the building operation stage. For instance,
reducing the usage of air conditioning is one of the most effective ways to save energy.

(3) As coal is still the main energy source of power and heat, the energy consumption
structure should be adjusted to reduce inefficient and carbon-intensive coal use in elec-
tric power and thermal power enterprises. Meanwhile, strategies of energy efficiency
are essential in energy policy, which could be created using the various approaches
employed for energy savings in buildings [51]. The supply of non-fossil fuels and
natural gas should be increased in residents’ life or for the replacement of coal, with
a strict replacement policy of equal or reduced coal consumption. Using the poten-
tiality of electric vehicles toward the achievement of the zero-energy target extended
to a buildings cluster level is also a measure to reduce coal burning, by exploiting
renewable generation on and off-site [52].

(4) The government can give publicity to the catalog of energy-efficient air conditioners,
refrigerators, and other products. They can also make policies to guide the production,
purchase, and use of energy-efficient products.

6. Conclusions and Management Insights
6.1. Conclusions

This paper proposes a new statistical method of LCA, based on the Chinese Statistical
Yearbook and analysis of Chinese building energy consumption with related industries
from 2000 to 2018. The whole life cycle of buildings is divided into three stages: the
materialization, construction, and operation stages. Different from other LCA methods,
we consider the form of building energy consumption mixed with other industries. Our
findings could be summarized as the following four aspects.

Firstly, this study demonstrates that the growth rate of Chinese building energy
consumption has slowed down gently and its share in the Chinese total energy consumption
is about 40%. This point is different form Zhang et al. [31], which obtained the conclusion
that building energy accounted for about 43% of China’s total energy consumption for
2011–2013. With our calculation method, building energy consumption takes about 39.53%
of China’s total energy consumption for 2011–2013, and this proportion decreased slightly
to 39.43% in the recent five years (2014–2018). Therefore, we come to the conclusion that
the share of building energy consumption in China’s total energy consumption is nearly
40% for 2011–2018.

Secondly, with our proposed calculation method, which takes into account the build-
ing energy consumption in other related industries, Chinese building energy consump-
tion increased with an annual rate of about 7.62% from 2001 to 2013. Comparing with
Zhang et al. [31], which states that China’s building energy consumption has increased
about 7% annually since 2001 to 2013, the growth rate of China’s building energy consump-
tion obtained in our paper is higher than that in Zhang et al. [31]. Furthermore, we also
calculate China’s building energy consumption from 2013 to 2018. We find that the annual
growth rate of China’s building energy consumption is about 2.50% since 2013 to 2018.
Compared with the growth rate from 2000 to 2013, the growth rate of China’s building
energy consumption has slowed down over 60%.

Thirdly, this paper discusses the differences among the different stages of building
energy consumption. From 2000 to 2018, the stages of materialization, construction, and
operation account for about 42.77%, 4.02%, and 53.20%, respectively, of total building
energy consumption. Therefore, the materialization and operation stages are the main
sources of building energy consumption. In these 19 years, the annual growth rates of
building energy consumption in the materialization, construction, and operation stages are
5.09%, 7.48%, and 7.17%, respectively.
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Lastly, another new discovery is that the growth of building energy consumption in
recent years is mainly caused by the energy consumption of the operation stage. Energy
consumption of the materialization stage has decreased, with 11.84 million tons of standard
coal per year since 2014. On the contrary, energy consumption in the operation stage has
increased, with 49.25 million tce per year, or with an annual growth rate of 5.40% of total
building energy consumption from 2011 to 2018. Therefore, the variance of building energy
consumption in 2014 to 2018 is mainly caused by the energy consumption in the operation
stage. Controlling the growth of building energy consumption in the operation stage is
more essential to energy conservation in the future.

6.2. Management Insights

Some managerial insights to control the building energy consumption are summa-
rized as five aspects: policy orientation in China, how to recover and reuse construction
wastes in the physicochemical stage, application of BIM to improve the informatization of
the construction industry, emphasizing the application of renewable energy and energy
conservation of the operation stage.

(1) This paper helps with the understanding of Chinese building energy consumption
in 2000–2018. Nowadays, China is more eager than ever to save energy and reduce
carbon emissions. During 2020 to 2021, the Chinese government has emphasized
many times their determination to make efforts to save energy and reduce carbon
emissions in international conferences. In 2021, they have put forward their 14th
Five-Year Plan, which clearly demonstrates control of the growth of coal consumption.
By 2030, China’s civil construction area will exceed 70 billion square meters, their
building industry will face a more severe situation of energy conservation. As building
energy consumption still takes nearly 40% of their total energy consumption in recent
years, the task of energy conservation in the building industry is quite urgent. In this
case, the supervision intensity of the building industry has been enhanced. This forces
building enterprises to put more attention into energy saving strategies.

(2) Attention should be paid to the recovery and reuse of construction wastes. The reuse
of metal, wood, and available wastes can greatly reduce the input of raw materials
and reduce energy consumption. The application of construction waste recycling
in prefabricated buildings should be encouraged. Certain preferential tax policies
could be applied to the projects that use construction waste recycling. Additionally,
intelligent sorting standards should be developed in order to improve the sorting
efficiency of construction waste recycling enterprises.

(3) A new finding is that although building energy consumption in the construction stage
is only a small part of total building energy consumption and is often neglected, its
growth is the fastest. Therefore, more attention should be paid to control its growth.
Energy consumption in the construction stage is less affected by external factors.
Improvement of construction technology, management, and design can be useful in
energy-saving in the construction and operation stages. It is promising to use BIM to
promote the construction industry, paving the way for energy saving and emission
reduction in the whole building life cycle.

(4) The application of hybrid renewable energy systems in ultra-low energy and near-
zero energy buildings should be promoted. For example, the hybrid geothermal-
photovoltaic system has been used for heating and cooling. Companies should pay
more attention to research and development in this field.

(5) The operation stage not only takes up most of a building’s energy consumption,
it also makes the greatest contribution to the growth of Chinese buildings’ energy
consumption from 2000 to 2018. Therefore, it is essential to control building energy
consumption in the operation stage. Except for the design and application of new
eco-friendly technology, an effective way to reduce building energy consumption in
the operation stage may be to enhance people’s awareness of energy conservation in
their daily life.
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6.3. Future Research Directions

There also exist some limitations of this study. First, the calculation method of building
energy consumption in this paper is proposed based on the present situation, that there is a
lack of well-directed and detailed statistical data on Chinese building energy consumption.
Therefore, the first limitation is that the proposed method is more suitable for the macro
analysis of building energy consumption. Second, the statistical range of energy of different
industries is complex and hard to divide precisely [53]. Therefore, energy consumption
in the building operation stage in the construction industry is divided roughly in this
paper, which needs to be further studied. Third, there is a great difference in climate,
geographical location, and economics among different provinces or regions. The building
energy consumption of different Chinese regions such as urban areas is not discussed in
this paper. Therefore, the building energy consumption of different provinces [17,49,54]
also needs to be investigated in further studies. Last but not least, a future prediction of
expected consumption should be further studied.
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