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Abstract

During their life cycle, buildings not only consume a lot of resources and
energy, but also produce a large amount of carbon emissions, which have a
serious impact on the environment. In the context of global emissions reduc-
tion, the trend has been to low carbon buildings. As a major carbon emitting
country, it is urgent to promote emission reduction in the construction in-
dustry and to establish a model for carbon emissions and calculation in
buildings. To this end, this paper collates life cycle carbon emission calcula-
tion methods based on life cycle theory and establishes a mixed life cycle car-
bon emission calculation model for buildings to provide ideas for low carbon
buildings in China. A case study of a hospital in Guangming City, Anhui
Province is also conducted to verify the feasibility of the model. The results
show that the total carbon emission of the hospital is 43283.66 tCO,eq, with
the production phase, construction phase, use and maintenance phase and
end-of-life phase accounting for 9.13%, 0.35%, 90.06% and 0.46% of the total
carbon emission respectively. An analysis of the factors influencing carbon
emissions at each stage is presented, and recommendations are given for cor-
responding emission reduction measures. The carbon emission calculation
model based on the hybrid LCA proposed in this study enables a more com-
prehensive consideration of carbon emissions in the life cycle of a building,
and has implications for the study of building carbon emission calculation.

Keywords

Life Cycle Assessment (LCA), Hybrid LCA, Carbon Emissions, Input-Output
Analysis

1. Introduction

In recent years, global climate change has posed a serious threat to people’s lives

as greenhouse gas emissions led to glacier melting, extreme weather and sea level
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rise. Reducing greenhouse gas emissions has become a focus for the world, espe-
cially China. USEIA (2010) (USEIA, 2010) estimates that global carbon emissions
will be 42.7% higher in 2035 than in 2007, surging to 42.4 billion tonnes. The
construction sector contributes 23% of global CO, emissions, of which nearly 41%
is emitted by China (Hong et al., 2015). In response, China has proposed that it
will increase its independent national contribution and adopt strong policies and
measures, with carbon emissions aiming to peak by 2030 and working towards
carbon neutrality by 2060. The Central Economic Work Conference in 2020
listed “achieving carbon peaking and carbon neutrality” as one of the key tasks
for 2021 (Wang & Zhang, 2020).

The construction industry has an important impact on the economy, society
and the environment. As China’s industrialization and urbanization continues to
accelerate and its urban and rural population grows, both the scale and number
of buildings are growing significantly. The emergence of a large number of new
buildings and infrastructures on the one hand, and the large amount of energy
consumed to maintain the normal operation of buildings on the other, has re-
sulted in the construction industry consuming large amounts of energy and
emitting large amounts of greenhouse gases. According to research, the con-
struction sector accounts for approximately 40% of the country’s total carbon
emissions, making it one of the most carbon-intensive sectors in China (Zou,
2015). Therefore, the construction industry has a huge potential to reduce emis-
sions and is a key target for future emission reduction tasks.

Research on life cycle assessment (LCA) has been conducted since the 1970s.
It was not until the 1990s that Hunt et al. first applied LCA to the construction
sector, studying the environmental impact of building materials (Huang et al.,
2018). Since then, a large number of studies related to life cycle assessment of
buildings have emerged. Research topics include building life cycle environmen-
tal impact assessment, green building assessment, low carbon building assess-
ment and the development of tools for building life cycle carbon emission as-
sessment (Atmaca & Atmaca, 2015; Filimonau et al., 2021; Madathil et al., 2021;
Xi & Cao, 2022). Life cycle assessment analysis of building projects provides a
quantitative perspective on the environmental impact assessment of buildings.
Currently, the calculation methods for building life cycle carbon emissions based
on basic principles can be divided into: process-based LCA (P-LCA) and in-
put-output LCA (I0-LCA).

P-LCA decomposes the study objectives into sub-processes and combines ac-
tivity data with relevant emission factors to assess emissions. The method is able
to identify the detailed results of the process under study (Onat et al., 2014) and
accounts for the majority of research in the field of engineering and construction
technology (Fenner et al., 2018; Han et al., 2022; Tabrizikahou & Nowotarski,
2021) and is widely used for the environmental impact analysis of individual
buildings (Islam et al., 2015; Seo & Foliente, 2021). However, P-LCA requires the
collection of a large amount of basic data and therefore has a high time cost. In

addition, many studies simplify the system by ignoring secondary links and in-
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direct emissions and only consider a few major carbon emission processes in the
life cycle phase, resulting in incomplete system boundary definitions and inevit-
able truncation errors (Nassen et al., 2007). The truncation error makes it diffi-
cult to assess potential consumption and emissions with system boundary hete-
rogeneity (Lave et al., 1995), reducing the accuracy of the P-LCA.

IO-LCA, which converts monetary values into environmental impacts based
on economic input-output tables and material flows, has a more complete sys-
tem boundary and is more suitable for macro-level analysis of the construction
industry (Chang et al., 2016; Wang et al., 2021). Acquaye & Duffy, 2010 assessed
emissions from the construction industry in Ireland, including groundworks,
structural works, services, finishes and plant operations. Ma et al., 2017 investi-
gated the energy and emissions from the construction and operation of the
“Tianjin Tower” based on environmental input-output tables. However, in-
put-output tables provide sectoral averages of emissions, making it difficult to
distinguish between carbon emissions from different products in the same sec-
tor, and may not be accurate for the life-cycle carbon emissions of a building. In
addition, IO-LCA uses idealized assumptions to translate monetary values into
corresponding carbon emissions, making it difficult to provide a fully integrated
assessment of particular products within economic sectors at the micro level
(Majeau-Bettez et al., 2011).

Combining the advantages of P-LCA and IO-LCA, hybrid LCA (H-LCA) has
recently been seen as a potential replacement method and is widely used in car-
bon emission calculations (Praseeda et al., 2015). Depending on the composition
structure of hybrid analysis, it can be divided into tiered hybrid (TH), in-
put-output based hybrid (IOH) and integrated hybrid (IH) (Suh & Huppes,
2005). The TH method is the most commonly used hybrid method (Crawford,
2014). It uses a process-based analysis to assess emissions from major processes
and an input-output analysis for emissions from other sources. It not only ex-
tends the systematic boundaries of the original process analysis, but also ensures
the accuracy of the findings. The IOH and IH methods extend the original in-
put-output data by integrating process information on industries, products and
related emissions, broadening the system boundary and giving more compre-
hensive results (Dixit et al., 2013; Suh et al., 2004). However the collection and
processing of information can be costly and may lead to additional errors due to
imperfect assumptions (Su et al., 2010).

In addition, a large number of studies on building carbon emissions have fo-
cused on residential buildings, and relatively little research has been done on
carbon emissions from public buildings, especially medical buildings, given the
complex and diverse spatial types and building forms of public buildings. Li Hui
et al. studied the carbon emissions of reinforced concrete buildings of different
building types (residential, hospital, commercial and school). The results show
that the life-cycle carbon emissions of hospital buildings are much greater than

those of other types of reinforced concrete structures (Li et al., 2019).
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Therefore, this paper proposes a building life cycle carbon emission calcula-
tion model based on the TH approach and assesses the applicability of the de-
veloped calculation model using the Mingguang City Hospital in Anhui Prov-
ince as an example. The calculation model uses P-LCA as the basis for calculat-
ing carbon emissions at each stage of the building life cycle, while using the sec-
toral full carbon emission factors calculated from the China Input-Output
Tables 2012 and the China Energy Statistics Yearbook 2012, IO-LCA is used to
quantify building carbon emissions that are ignored by P-LCA or are difficult to
quantify, so that P-LCA can be optimized. For example, building accessories
such as isolators, interface agents, putty powder and paints and coatings lack
carbon emission factors, which cannot be calculated by P-LCA. The calculation
model developed in this paper enables the quantification of carbon emissions
based on input-output data. Therefore, compared with P-LCA, the building
mixed life cycle carbon emission calculation model has more advantages in prac-
tical application. The paper is organized as follows: Section 2 introduces the
building hybrid life-cycle carbon emission calculation model. Section 3 conducts
a case study. The results of the calculations are also analyzed. Discussion and

conclusions are presented in section 4.

2. Methodology

Given the limitations of both process analysis and input-output analysis in
quantifying the life-cycle carbon emissions of buildings, they do not reflect the
level of carbon emissions of buildings well. To address the shortcomings of the
current study, this paper proposes a hybrid LCA-based carbon emission calcula-
tion model. The model is based on process analysis, and by introducing in-
put-output data, the integrity of the system boundary is ensured, while the ac-
curacy of the research results is improved. In this paper, the application of the
hybrid LCA-based carbon emission calculation model is as follows.

1) Clarify the project research boundary;

2) Clarify the selection criteria for energy, building material and machinery
carbon emission factors;

3) Carbon emission calculation formulae for each phase.

2.1. Research Purpose and Scope

The system boundary determines which processes are included in the LCA,
which is a prerequisite for calculating carbon emissions. The system boundary is
generally divided into a temporal scope and a spatial scope (Sdynijoki et al.,
2017), which are interlinked. Based on the division of building life cycle stages,
this study defines the spatial scope as four stages: production stage, construction
stage, use and maintenance stage, and end-of-life stage. The activities involving
carbon emissions in each stage specifically include:

1) Production phase: the production and procurement process of building

materials.
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2) Construction phase: the transportation of building materials from the fac-
tory to the construction site and the operation of construction machinery on
site.

3) The use and maintenance phase: the energy consumed in the process of
maintaining comfortable environmental conditions in buildings, including
energy consumed for lighting, water supply, HVAC (heating, cooling and venti-
lation systems) and equipment use. It also includes the production and pro-
curement of building materials and the transportation of building materials as a
result of building repair, maintenance, renovation and replacement work.

4) End-of-life phase: This mainly includes the demolition of buildings, the
transportation of waste and the disposal of waste.

The definition of time horizon mainly refers to the time horizon span of the
building life cycle. In this paper, the time span for the use and maintenance
phase is set at 50 years. The time span of the other phases is determined based
on the actual situation of the case project.

Considering the differences in the types of buildings studied, the types of
building materials and machinery used in the production phase and the years of
construction, a comparison using the sum of the carbon emissions of each stage
of the building life cycle would be very different but lacking in comparability. In
order to make the carbon emission calculation model established in this paper
comparable with domestic and international studies, this paper uses “annual
carbon emissions per unit of floor area” as a functional unit to compare carbon
emissions at different stages of the building life cycle, and the unit of measure-
ment is tCO2eq/(a.m?).

2.2. Selection of Carbon Emission Factors

Carbon emission factors include energy emission factors, building material emis-
sion factors, transport emission factors and machinery and equipment emission
factors. Due to the differences in production methods and energy structures in
different countries and regions, there are significant differences in carbon emis-
sion factors. Therefore, carbon emission data from foreign countries cannot be
directly applied to Chinese construction projects. This paper follows the follow-
ing priorities in the carbon emission factors chosen:

1) National standards;

2) Established domestic databases;

3) Research data available in the domestic literature;

4) The relationship between national statistical yearbooks, quota standards,
various types of inventory data, etc., and the conversion and commutation of the
target results.

As China currently does not have a complete carbon emission base database,
this paper uses national standards and existing research data from the domestic
literature as the source of the carbon emission factors to be used. The Standard
for Calculating Carbon Emissions from Buildings (GB/T 51366-2019), as the
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standard for carbon emissions from buildings in China, provides detailed data
on the basis of carbon emission factors.

In addition, this paper constructs a complete carbon emission factor for the
input-output sector based on the China Input-Output Tables 2012 and the Chi-
na Energy Statistics Yearbook 2012 to supplement the missing carbon emission
data in the process analysis, the exact process is shown in Figure 1. Table 1

shows the full carbon emission factors for each sector.

Table 1. Complete carbon emission coefficient of input-output sector.

department Department code ~ Complete carbon emission factor (tCO2e/10*CNY)
Coal mining and washing products S006 2.68
Oil and gas production products S007 1.93
Ferrous metal ore mining and beneficiation
S008 2.82
products
Non ferrous metal ore mining and
T S009 2.61
beneficiation products
Non metallic ore mining and beneficiation products S010 2.45
Wood processing and wood, bamboo,

S034 1.77

rattan, palm and grass products
Coatings, inks, pigments and similar products S044 3.19
Special chemical products S046 3.07
Chemical fiber products S049 3.00
Rubber products S050 2.16
Plastic products S051 2.52
Cement, lime and gypsum S052 11.55
Gypsum, cement products and similar products S053 5.89
Brick, tile, stone and other building materials S054 4.37
Glass and glass products S055 4.37
Ceramic products S056 3.41
Steel calendaring products S060 5.31
Ferroalloy products S061 5.56
Residential building S099 3.15
Civil engineering construction S100 2.90
Building installation S101 2.90

Architectural decoration, decoration

. . $102 1.90

and other architectural services
Railway Freight Transportation S103 2.42
Road freight transportation S104 2.11
Water cargo transportation S105 2.23
Carriage of cargo by air S106 2.47
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database fossil energy
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Quantitative relationships of
Input-output tables > mutual inputs in sectoral

production

Figure 1. Calculation process of total carbon emission of the sector.

2.3. Calculation Formula of Carbon Emission in Each Stage

2.3.1. Production Stage

The carbon emission in the construction production stage comes from the pro-
duction process of building materials. The carbon emission factor of main
building materials (concrete, steel, brick, etc.) has always been a research hots-
pot. Therefore, the carbon emission factor of main building materials can be ob-
tained through existing research, and the carbon emission can be calculated by

process analysis.
CE, =Y Q xER (1)

where CE, refer to the carbon emission in the production stage of building
materials, Q, refer to Consumption of building materials ;, EF, refer to the
carbon emission factor of building material 7.

Other building materials include various sporadic materials and chemical
products, such as solvents, face tiles and other metal products. The carbon emis-
sion factor of such building materials is difficult to obtain, but the material price
can be found. Therefore, according to the Department of building materials
(S044-S095), other building materials use the input output method to calculate

carbon emissions.
CEo =Y CE,, =Y EFxC, )

where CE,; refer to the carbon emission of products or services i, EFy, refer
to carbon emission of the sector to which the product or service 7, C; refer to

the cost products or services i

2.3.2. Construction Stage

Carbon emissions during the construction phase consist of two main processes:
material transportation and on-site construction machinery operations. The
carbon emissions from the two phases are calculated separately and aggregated
to obtain the total carbon emissions for that phase. The calculation formula is as

follows:
CEC = CElrans +CEc0n (3)
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where CE,,,, refer to carbon emissions from the transport of construction
materials, CE_, refer to carbon emissions from the operation of building con-
struction machinery.

The carbon emissions from material transportation can be calculated accord-
ing to the distance travelled and the transportation carbon emission factor ac-
cording to Equation (4). This method is simple and widely used. However, ma-
terials are transported over different distances and by different types of means of
transport, which increases the workload. Therefore, it is also possible to estimate
carbon emissions directly according to Equation (2), based on the freight costs
of various materials and the complete carbon emission factors (S104-S107) for

the corresponding transport sector.

CE, s = Z M; x D, xT, (4)

where M, refer to the consumption of building materials 7, D, refer to the
average transportation distance of building materials 7 T, refer to the carbon
emission factor of unit weight transportation distance under the mode of trans-
portation of building materials 7

The carbon emissions from the operation of construction machinery on site
come from energy consumption. For small housing construction, there are not
many types of machinery invested and can be calculated according to Equation
(5) based on the number of machinery shifts and the carbon emission factor per
machinery shift. For large housing construction projects, there are many types of
machinery invested and the consumption of various machinery is difficult to
count. Carbon emissions can be estimated according to Equation (2) based on
the cost of machinery invested in the construction and the complete carbon

emission factor for the construction sector (S099-S102).

CE,, = 3 BT, xEF,; (5)

where BT, refer to the consumption shift of construction machinery i EFg;

refer to the carbon emission factor per shift of construction machinery .

2.3.3. Use Stage
The building use stage can be divided into operation stage and maintenance

stage, so the carbon emission in the use phase consists of these two parts.
CE, =CE, +CE, (6)

where CE, refer to carbon emissions from building operation phase, CE,
refer to carbon emissions from building maintenance phase.

The operation phase has the longest cycle time and the carbon emissions dur-
ing this phase are mainly due to energy consumption for lighting, water supply,
HVAC and equipment use. The relevant energy consumption data can be ob-
tained from actual measurements or records, regional averages from statistical
studies, calculations based on relevant codes and standards, and estimates using
energy simulation software. Actual measured data is highly accurate, but it is a

lot of work and is not applicable to buildings that are not yet in use. Regional
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average data reflect regional averages and are suitable for pre-analysis and policy
development. Normative calculated values can be used as a good approximation
of building energy consumption and save time in calculation and analysis. The
software simulation is suitable for the building design phase and focuses on the
building’s heating and cooling energy consumption. In this paper, the energy
consumption during the operational phase of a project is simulated using the
Autodesk Green Building Studio (GBS) software in a case study. The carbon

emission in the operation stage is calculated as follows:

CE, = Y E, xEF,, 7)

where E; refer to the consumption of energy ;i EF,; refer to the carbon
emission factor of energy 7.

The carbon emissions during the maintenance phase come from the con-
sumption of building materials in the production and procurement of building
materials and the transportation of materials due to the ageing and renewal of
building materials or components. Building materials have different lifespans
and are renewed differently and need to be calculated separately. The calculation
of carbon emissions during the maintenance phase is similar to that of the pro-

duction and construction phase.

2.3.4. End of Life Stage
The carbon emissions at the end of building life mainly include the carbon emis-
sions generated in the process of building demolition, mechanical equipment

construction and construction waste transportation and waste disposal.

CE,, =CE, +CE,, +CE, (8)

where CEj refer to carbon emissions from building demolition phase, CE,;
refer to carbon emissions from construction waste transportation, CE, refer
to carbon emissions from construction waste disposal.

Theoretically, the calculation method of carbon emission in the building de-
molition stage is the same as that in the construction stage, but in practical ap-
plication, there is a lack of relevant data of building demolition, so it is usually
estimated according to the demolition process. In this paper, the construction
cost of building demolition and the complete carbon emission coefficient of the
housing construction department (S099) can also be used to estimate its carbon
emission according to formula (2).

Before calculating the carbon emission of waste transportation and disposal,
the quantity and type of waste generated after building demolition shall be
counted first. For buildings that are not actually demolished, they should be es-
timated according to relevant standards and specifications (Ouyang, 2016).

In this paper, The Technical Code for Emission Reduction of Construction
Waste (Technical Specification for Emission Reduction of Construction Waste,
2011) is used to estimate the quantity and types of waste in the demolition

process. The calculation formula is as follows:

W, = Axq, ©)
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where W, refer to quantity of construction waste generated from new projects,
A, refer to total area of new buildings, ¢, refer to waste production index of
new buildings (see Table 2).

The method of calculating carbon emissions for waste transport is similar to
that for material transport. Currently, common waste disposal methods include
landfilling, incineration and recycling. Based on the research results in the lite-
rature, this paper calculates the carbon emission in the process of waste treat-

ment, and the calculation formula is as follows:

CE,y =W, % 3 (EFianss X R + EFis X Ryes + EFey X Reg, ) (10)

land,i land ,i inc,i inc,i rec,i

where W, refer to the quality of waste 4, EF,,;, EF,;, EF,; refer to the
carbon emission factors of the 7 waste landfill, incineration and recycling respec-
R R

neration and recycling respectively (see Table 3 and Table 4).

tively, R.qi> Rici> Re refer to the proportion of the 7 waste landfill, inci-

Table 2. Production indicators of demolition construction waste.

Building category waste production index Classificatior} index of waste
(kg/m?) production(kg/m?)
concrete 18.0
Bricks and blocks 2.2
Public buildings 35 mortar 2.1
Metal 3.0
wood 6.3

Table 3. Carbon emission factors of construction waste landfill, incineration and recy-

cling.
Types of construction waste Landfill Incineration Recycling
(kgCO2eq/t) (kgCO2eq/t) (kgCO2eq/t)
concrete 43.99 - 1.1365
Plastic 514.54 2800 -
wood 424.49 1725 -
Metal 37.82 - -37.3142
mortar - - 0.297
Crushed stone brick 4.2 - 3.7701

Table 4. Proportion of waste landfill, incineration and recycling.

Types of construction waste Landfill Incineration Recycling
concrete 45% - 55%
Plastic 65% - 40%
wood 55% 15% 30%
Metal 15% - 85%
Glass 60% - 40%
Other garbage and mixed garbage 90% - 10%
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3. Case Study

In this paper, a public hospital in Mingguang, Anhui Province was selected as a
case study. The hospital is a public building of reinforced concrete frame struc-
ture with an area of 1702 m? and a total construction area of 6267 m?*. The exte-
rior of the building is shown in Figure 2. The hospital has five floors. As a com-
prehensive service platform, the lobby on the ground floor can be used for gen-
eral outpatient services, simple patient treatment, medical billing and other re-
lated tasks. The second to fourth floors are the inpatient area, which is the stan-
dard living floor for patients. There is a boiling water room, toilets, a nurses’ sta-
tion and 17 wards, which can put down 102 beds. The fifth floor is the equip-

ment floor.

3.1. Data Collection

For this project case, Revit 2016 software was used to build the BIM model with
LOD set to 300. and the model was imported into GTJ2018 software to add
reinforcement information and obtain a complete bill of quantities in accor-
dance with Chinese standards. For the purpose of the study, the cost data for
each phase of the project was quantified using Xindian software (a local pricing
software in Anhui). The GBS software was mainly used for the simulation of
energy consumption during the operation phase. There are two main reasons for
this. On the one hand, the software has good interactivity with Revit 2016 and
transfers information via the gbXML file format. On the other hand, the soft-
ware allows environmental, climatic and other parameters to be set and the up-
dated building performance data can be fed back into the BIM model to enable

analysis and optimization of building performance.

3.2. Results Analysis

3.2.1. Carbon Emission in Production Stage

Figure 3 shows the carbon emission proportion distribution of various building
materials in the production stage. Among them, commercial concrete, steel and
masonry materials contribute the most to the carbon emission, which are
1313.30 tCO,eq, 1020.28 tCO,eq and 863.11 tCO,eq respectively, accounting for
80.88% of the total carbon emission in the production stage. Secondly, cement
mortar, building ceramics, architectural coatings and doors and windows have
also made important contributions to the total carbon emission in the produc-
tion stage, producing 275.58 tCO,eq, 164.16 tCO,eq, 169.63 tCO,eq and 86.00
tCO,eq respectively.

3.2.2. Carbon Emission in Construction Stage

The carbon emission from the transportation of building materials is 97.93
tCOeq. In view of the maximum quality of concrete, the carbon emission caused
by concrete transportation is the highest, followed by mortar. It can be seen that
building materials with heavier self weight will produce higher carbon emissions

in the transportation stage.
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Figure 2. Effect drawing of hospital.
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Figure 3. Analysis of carbon emission composition of materials in production stage.

Apart from the carbon emissions from the transportation of materials during
the construction phase, most of the carbon emissions are generated by the ener-
gy consumed by the mechanical operations and daily offices on the construction
site. It is difficult to fully cover all carbon emission processes by traditional process
analysis methods.

Therefore, this paper uses the construction cost budget and sectoral carbon
emission full factor of the project case to calculate the carbon emissions gener-
ated during the construction process. The Xindian software estimated the build-
ing construction cost budget to be 176,500 RMB, which corresponds to a sectoral
carbon emission full factor of 3.15 tCO,eq/10*CNY for residential housing con-
struction. By calculating formula (2), the carbon emissions generated during the

construction of this project are calculated to be 55.59 tCO,eq.

3.2.3. Carbon Emission in Use Stage

This paper uses DBS software for energy consumption analysis. The results show
that the annual carbon emissions of the hospital amounted to 777.80 tCO,eq, of
which the carbon emissions due to electricity consumption were higher at 585.69

DOI: 10.4236/Ice.2022.133007

138 Low Carbon Economy


https://doi.org/10.4236/lce.2022.133007

G.Z.Zhu et al.

tCO,eq, accounting for 75.30%. Based on a 50 years operation period, the total
carbon emissions generated by the hospital during the operation period is
38890.00 tCO,eq. As shown in Figure 4, HVAC accounts for 55.44% of the car-
bon emissions from electricity consuming equipment, followed by lighting,
which generates 118.37 tCO,eq.

As shown in Figure 5, among the fuel consuming equipment, HVAC gene-
rates 181.77 tCO,eq or 94.62% per year, while hot water accounts for only 5.38%
of the annual carbon emissions from fuel consuming equipment.

In addition, GBS modelled the specific monthly carbon emissions generated
by the hospital’s electricity and fuel consumption, as shown in Figure 6. Table 5
shows the carbon emissions by season during the operational phase. The most
significant carbon emissions are in winter (December to February) with 262.37
tCO,eq, followed by summer (June to August) with 191.74 tCO,eq. Considering
that Anhui has a mid-latitude monsoon climate, with cold winters and hot
summers, heating and hot water generate a lot of energy in winter and air condi-
tioning and cooling consume a lot of electricity in summer, so carbon emissions
are high in winter and summer. Fuel consumption is mainly for heating and
daily hot water in winter, with a high proportion of heating consumption, which
leads to a significant reduction in energy consumption in summer. In addition,
daily electricity consumption for lighting and equipment is not seasonal or
time-sensitive, so carbon emissions from electricity consumption are relatively

stable overall.

Table 5. Composition of carbon emissions in the four seasons of the operational phase.

S Carbon Emissions from  Carbon Emissions from Total carbon
easons
Electricity Consumption Fuel Consumption emissions (tCOzeq)

Spring 129.79 36.97 166.76
Summer 147.71 15.45 163.16
Autumn 173.49 4.48 177.97
Winter 190.53 1.21 191.74

500.00

431.18
400.00
300.00 217.91

200.00 118.37
100.00 10.34
0.00 0.00 10° 0.00
0.00

HVAC Lighting Equipment use Water

mm Carbon emissions from combustion
mmm Carbon emissions from electricity consumption

—0—Total carbon emissions

Figure 4. Composition of carbon emissions from facilities in the operational phase.
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= HVAC (tCO2eq) = water (tCO2eq)

Figure 5. Comparison of fuel consumption for operating equipment.
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Figure 6. Analysis of monthly carbon emission composition in operation stage.

In this paper, only the repair and replacement of building windows and doors
are considered. The carbon emissions mainly come from the production and
transportation of replacement building materials and the transportation of con-
struction waste. The carbon emission statistics generated by the production of
replacement materials within 50 years of the building are shown in Table 6. Us-
ing the input-output approach, the carbon emissions from transport are calcu-
lated according to Equation (2) and the carbon emission factors for the “road
freight transport and transport support activities” sector, resulting in carbon
emissions from transport of 10.60 tCO,eq. As shown in Figure 7, the total car-
bon emissions from the maintenance phase are 99.93 tCQO,eq, with 89.33 tCO,eq
or 89.39% of the carbon emissions from construction materials. The carbon
emissions caused by material transportation and waste transportation only ac-
counted for 10.61% of the total carbon emissions during the maintenance phase.
Among the building materials, the rain shutters are the most emitted, with a
carbon emission of 49.17 tCO,eq. This is mainly due to the fact that rain shutters
consist of aluminum alloy, which has a high carbon emission factor. In addition,

the number of replacement rain shutters is high.

DOI: 10.4236/Ice.2022.133007

140 Low Carbon Economy


https://doi.org/10.4236/lce.2022.133007

G.Z.Zhu et al.

0.86,1% 7.45,7%
10.6, 11% | 439, 4%
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= wooden A fire door = wooden B fire door
wooden C fire door = plastic steel window
= rain proof shutter transportation of material and construction waste

Figure 7. The composition of carbon emissions during the maintenance phase.

Table 6. Carbon emission calculation of material production in maintenance stage.

Quantity Carbon emission Replacement Carbon emissions

Buildi terial
utiding matera (m?)  factor (kgCO2/m?) times (50year) (kgCO2eq)

Wooden fire door A 9.66 89.05 1 860.22
Wooden fire door B 83.61 89.05 1 7445.47
Wooden fire door C  49.32 89.05 1 4391.95
Plastic steel window 1373.96 20 1 27479.20
Rain proof shutter ~ 386.59 127.20 1 49174.25
Total 89351.09

3.2.4. Carbon Emission in End-of-Life Stage

As the demolition and disposal phase occurs at the end of the building’s useful
life, accurate data is not available, so an estimation method can only be used.
The results of the calculations are shown in Table 7. The total carbon emissions
from the end-of-life phase are 198.44 tCO,eq, with the main source of carbon
emissions being building demolition, which generates 196.46 tCO,eq, account-
ing for 98.99% of the total carbon emissions from this phase. The main source of
carbon emissions from building demolition came from the mechanical use of
concrete element removal and masonry block removal, while handrails, win-
dows, doors and suspended ceilings were removed manually, producing almost
no carbon emissions.

According to the results of the production stage, the main building materials
in this case are concrete, metal, brick, block and mortar. Therefore, these four
building materials are mainly considered for waste disposal. As shown in Figure
8, the total carbon emission in the waste disposal stage is 1.87 tCO,eq, of which
concrete contributes the most, producing 2.30 tCO,eq. In waste recycling and

disposal, only metals reduce carbon emissions by 0.49 tCO,eq.
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3.2.5. Carbon Emission in the Life Cycle of Building

Through the above calculation results, the carbon emissions of the case hospital
in the production stage, construction stage, use and maintenance stage and end
of life stage can be obtained. According to the building area and the assumed
time range of each stage, the annual carbon emissions per unit area of the hos-
pital life cycle can be calculated. The results are shown in Table 8.

As can be seen from the figure, the building life cycle carbon emission of the
case hospital is 43283.66 tCO,eq, and the average annual unit carbon emission is
129.10 kg CO,eq/(y-m?). The carbon emission in the use stage is 38979.33 tCO,eq,
accounting for 90.06% of the total carbon emission in the life cycle, and the car-
bon emission in the production stage is 3952.37 tCO,eq, accounting for 9.13%;

0.35% and 0.46% in construction stage and end of life stage respectively.

Table 7. Carbon emission calculation at end of life stage.

content Carbon emission (tCO2eq) Proportion
Demolition of construction machinery 196.46 98.99%
Waste transportation 0.11 0.06%
Waste Disposal 1.87 0.94%
Total 198.44 -
Landfill and incineration Recovery —@=—Total
2500.00 2233.05
""® 2303.56

2000.00

1500.00

1000.00

500.00 57.32
7051 521 5.20 0.00 039 106.66
0.00 ®
. 0.39
Concrete Bricks and blocks MorNetal
-500.00 { ]
-489.65
-596.31

-1000.00

Figure 8. Carbon emission composition analysis of waste disposal.

Table 8. Calculation results of hospital life cycle carbon emission.

Total carbon emission Average annual carbon emission Percentage

Life cycle phase (tCO2eq) per unit area (kgCO2eq/(y-m?)) (%)
Production stage 3952.37 315.33 9.13
Construction stage 153.52 24.49 0.35
Use phase 38979.33 124.40 90.06
End of life stage 198.44 63.33 0.46
Total 43283.66 129.10 100.00
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3.3. Emission Reduction Strategy

The main source of carbon emissions in the production phase is commercial
concrete, followed by steel and bricks, so saving the use of these three types of
building materials is an effective way to reduce carbon emissions in this phase.
On the one hand, the recycling rate of building materials is improved. From a
life cycle perspective, by recycling building materials, the life cycle of building
materials can be improved and the extraction of raw materials can be reduced,
thus reducing the impact on the environment. On the other hand, improve the
production process and reduce the carbon emission factor of building materials.
The current production process of building materials in China is backward and
the management methods are inappropriate, resulting in higher carbon emis-
sions and loss rates during the production of building materials (Zhang et al.,
2021). Therefore, there is a need to improve production management and in-
troduce advanced production technologies, which are very effective in reducing
carbon emissions. In addition, the performance of construction materials should
be improved to increase the service life of building materials, thus reducing the
consumption of building materials.

For the transportation of building materials during the construction phase,
firstly, the principle of proximity, try to use building materials from local areas.
Reduce the carbon emissions during transportation by shortening the transport
distance. Secondly, choose energy-saving and environmentally friendly means of
transport. Priority is given to vehicles with high load-bearing capacity, low
energy consumption, high delivery efficiency as well as low pollution. And for
on-site construction, green construction is recommended. Under the basic pre-
mise of ensuring quality and safety, resources are saved as much as possible and
the impact on the environment is reduced.

The highest carbon emissions are generated from operational energy con-
sumption during the use and maintenance phase, which accounts for 90.06% of
the total life cycle carbon emissions of the building. Therefore, emission reduc-
tion in this phase is mainly considered in terms of operating equipment. The
first is to improve the performance of the equipment. Improve the energy effi-
ciency rating of heating and cooling equipment and daily equipment to save
energy and reduce consumption. Secondly improve the use of clean energy and
renewable energy. Examples include solar water heaters, photovoltaic power
generation systems and ground source heat pump systems. Thirdly improving
the energy structure and adjusting the power conversion technology in a timely
manner can reduce the consumption of primary energy and lower the carbon
emission factor of electricity.

For the end-of-life phase, on the one hand, building demolition solutions are
chosen rationally, using a combination of manual and mechanical demolition to
improve demolition efficiency while retaining the recyclable properties of the
building waste as much as possible. On the other hand, the waste transport scheme

is optimized. The construction waste is reasonably classified and processed, re-
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ducing the distance and number of times the waste is transported out of the

building and reducing the energy consumption of the transporting tools.

4., Discussion and Conclusions

This paper calculates the carbon emission coefficients of China’s building related
sectors based on Chinese input-output tables and energy statistics, and thus de-
velops a hybrid LCA-based carbon emission calculation model. The model is
based on the process analysis method, combining input-output data to make up
for the deficiencies of process analysis by using input-output data to supplement
data that are not available in the process analysis, and to improve the complete-
ness of the carbon emission calculation. Carbon emissions are calculated for the
life cycle of the Guangming City Hospital in Anhui Province in conjunction with
an actual building case. The calculation results show that carbon emissions from
the operation phase are the highest, accounting for 94.58% of the total building
carbon emissions. The carbon emissions in the operation phase mainly come
from the electricity consumption in the HVAC. The production phase accounts
for 5.01% of carbon emissions, with concrete, steel and brick being the most sig-
nificant sources of carbon emissions. The construction and end-of-life phases
account for only 0.22% and 0.19% of the total carbon emissions. Based on the
calculation results, the main influencing factors of carbon emissions are ana-
lyzed for different stages and corresponding emission reduction measures are
proposed. The feasibility of the hybrid building life-cycle carbon emission calcu-
lation model is also demonstrated through case studies, which is of some signi-
ficance to the study of building carbon emission calculation.

This study also has some limitations, which can be used as a direction for fu-
ture research or improvement. The building energy simulation in this study uses
the prescribed recommended values, which are different from the actual carbon
emission situation, and the actual operational energy consumption data of the
building can be collected for further study in the future. In addition, this paper is
limited to the empirical analysis of a single building and does not examine and
compare multiple building types and building groups. Multiple case studies are
more conducive to confirming the reliability and feasibility of the constructed

calculation model.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this pa-

per.

References

Acquaye, A. A, & Duffy, A. P. (2010). Input-Output Analysis of Irish Construction Sec-
tor Greenhouse Gas Emissions. Building and Environment, 45, 784-791.
https://doi.org/10.1016/j.buildenv.2009.08.022

Atmaca, A., & Atmaca, N. (2015). Life Cycle Energy (LCEA) and Carbon Dioxide Emis-

DOI: 10.4236/Ice.2022.133007

144 Low Carbon Economy


https://doi.org/10.4236/lce.2022.133007
https://doi.org/10.1016/j.buildenv.2009.08.022

G.Z.Zhu et al.

sions (LCCO:A) Assessment of Two Residential Buildings in Gaziantep, Turkey. Ener-
gy and Buildings, 102, 417-431. https://doi.org/10.1016/j.enbuild.2015.06.008

Chang, Y., Huang, Z. Y., Ries, R. J., & Masanet, E. (2016). The Embodied Air Pollutant
Emissions and Water Footprints of Buildings in China: A Quantification Using Disag-
gregated Input-Output Life Cycle Inventory Model. Journal of Cleaner Production,
113, 274-284. https://doi.org/10.1016/j.jclepro.2015.11.014

Crawford, R. H. (2014). Post-Occupancy Life Cycle Energy Assessment of a Residential
Building in Australia. Architectural Science Review, 57, 114-124.
https://doi.org/10.1080/00038628.2013.819556

Dixit, M. K., Culp, C. H., & Fernandez-Solis, J. L. (2013). System Boundary for Embodied
Energy in Buildings: A Conceptual Model for Definition. Renewable and Sustainable
Energy Reviews, 21, 153-164. https://doi.org/10.1016/j.rser.2012.12.037

Fenner, A. E., Kibert, C. J., Woo, J., Morque, S., Razkenari, M., Hakim, H., & Lu, X. S.
(2018). The Carbon Footprint of Buildings: A Review of Methodologies and Applica-
tions. Renewable & Sustainable Energy Reviews, 94, 1142-1152.
https://doi.org/10.1016/j.rser.2018.07.012

Filimonau, V., Rosa, M. S., Franca, L. S., Creus, A. C., Ribeiro, G. M., Molnarova, J., Sa-
faei, A. (2021). Environmental and Carbon Footprint of Tourist Accommodation: A
Comparative Study of Popular Hotel Categories in Brazil and Peru. Journal of Cleaner
Production, 328, Article ID: 129561. https://doi.org/10.1016/j.jclepro.2021.129561

Han, Q., Chang, J., Liu, G., & Zhang, H. (2022). The Carbon Emission Assessment of a
Building with Different Prefabrication Rates in the Construction Stage. International
Journal of Environmental Research and Public Health, 19, Article No. 2366.
https://doi.org/10.3390/ijerph19042366

Hong, J., Shen, G. Q., Feng, Y., Lau, W. S.-T., & Mao, C. (2015). Greenhouse Gas Emis-
sions during the Construction Phase of a Building: A Case Study in China. Journal of
Cleaner Production, 103, 249-259. https://doi.org/10.1016/j.iclepro.2014.11.023

Huang, L., Krigsvoll, G., Johansen, F., Liu, Y., & Zhang, X. (2018). Carbon Emission of
Global Construction Sector. Renewable & Sustainable Energy Reviews, 81, 1906-1916.
https://doi.org/10.1016/j.rser.2017.06.001

Islam, H., Jollands, M., & Setunge, S. (2015). Life Cycle Assessment and Life Cycle Cost
Implication of Residential Buildings—A Review. Renewable & Sustainable Energy Re-
views, 42, 129-140. https://doi.org/10.1016/j.rser.2014.10.006

Lave, L. B., Cobas-Flores, E., Hendrickson, C. T., & McMichael, F. C. (1995). Using In-
put-Output Analysis to Estimate Economy-Wide Discharges. Environmental Science &
Technology, 29, 420A-426A. https://doi.org/10.1021/es00009a748

Li, H, Deng, Q., Zhang, J., Xia, B., & Skitmore, M. (2019). Assessing the Life Cycle CO:
Emissions of Reinforced Concrete Structures: Four Cases from China. Journal of Cleaner
Production, 210, 1496-1506. https://doi.org/10.1016/j.jclepro.2018.11.102

Ma, J. J., Du, G., Zhang, Z. K., Wang, P. X., & Xie, B. C. (2017). Life Cycle Analysis of
Energy Consumption and CO; Emissions from a Typical Large Office Building in Tian-
jin, China. Building and Environment, 117, 36-48.
https://doi.org/10.1016/j.buildenv.2017.03.005

Madathil, D., V, R. P, Nair, M. G., Jamasb, T., & Thakur, T. (2021). Consumer-Focused
Solar-Grid Net Zero Energy Buildings: A Multi-Objective Weighted Sum Optimization
and Application for India. Sustainable Production and Consumption, 27,2101-2111.
https://doi.org/10.1016/j.spc.2021.05.012

Majeau-Bettez, G., Stromman, A. H., & Hertwich, E. G. (2011). Evaluation of Process and

DOI: 10.4236/Ice.2022.133007

145 Low Carbon Economy


https://doi.org/10.4236/lce.2022.133007
https://doi.org/10.1016/j.enbuild.2015.06.008
https://doi.org/10.1016/j.jclepro.2015.11.014
https://doi.org/10.1080/00038628.2013.819556
https://doi.org/10.1016/j.rser.2012.12.037
https://doi.org/10.1016/j.rser.2018.07.012
https://doi.org/10.1016/j.jclepro.2021.129561
https://doi.org/10.3390/ijerph19042366
https://doi.org/10.1016/j.jclepro.2014.11.023
https://doi.org/10.1016/j.rser.2017.06.001
https://doi.org/10.1016/j.rser.2014.10.006
https://doi.org/10.1021/es00009a748
https://doi.org/10.1016/j.jclepro.2018.11.102
https://doi.org/10.1016/j.buildenv.2017.03.005
https://doi.org/10.1016/j.spc.2021.05.012

G.Z.Zhuetal.

Input-Output-Based Life Cycle Inventory Data with Regard to Truncation and Aggre-
gation Issues. Environmental Science & Technology, 45,10170-10177.
https://doi.org/10.1021/es201308x

Nassen, J., Holmberg, J., Wadeskog, A., & Nyman, M. (2007). Direct and Indirect Energy
Use and Carbon Emissions in the Production Phase of Buildings: An Input-Output
Analysis. Energy, 32, 1593-1602. https://doi.org/10.1016/j.energy.2007.01.002

Onat, N. C., Kucukvar, M., & Tatari, O. (2014). Scope-Based Carbon Footprint Analysis
of US Residential and Commercial Buildings: An Input-Output Hybrid Life Cycle As-
sessment Approach. Building and Environment, 72, 53-62.
https://doi.org/10.1016/j.buildenv.2013.10.009

Ouyang, L. (2016). Research on the Management Process of Demolition Construction
Waste Based on the Perspective of Carbon Emissions. Master’s Thesis, Shenzhen Uni-
versity.

Praseeda, K. I., Reddy, B. V. V., & Mani, M. (2015). Embodied Energy Assessment of
Building Materials in India Using Process and Input-Output Analysis. Energy and
Buildings, 86, 677-686. https://doi.org/10.1016/j.enbuild.2014.10.042

Saynijoki, A., Heinonen, J., Junnila, S., & Horvath, A. (2017). Can Life-Cycle Assessment
Produce Reliable Policy Guidelines in the Building Sector? Environmental Research
Letters, 12, Article ID: 013001. https://doi.org/10.1088/1748-9326/aa54ee

Seo, S., & Foliente, G. (2021). Carbon Footprint Reduction through Residential Building
Stock Retrofit: A Metro Melbourne Suburb Case Study. Energies, 14, Article No. 6550.
https://doi.org/10.3390/en14206550

Su, B, Huang, H. C., Ang, B. W., & Zhou, P. (2010). Input-Output Analysis of CO, Emis-
sions Embodied in Trade: The Effects of Sector Aggregation. Energy Economics, 32,
166-175. https://doi.org/10.1016/j.enec0.2009.07.010

Suh, S., & Huppes, G. (2005). Methods for Life Cycle Inventory of a Product. Journal of
Cleaner Production, 13, 687-697. https://doi.org/10.1016/j.jclepro.2003.04.001

Suh, S., Lenzen, M., Treloar, G. J., Hondo, H., Horvath, A., Huppes, G. et al. (2004). Sys-
tem Boundary Selection in Life-Cycle Inventories Using Hybrid Approaches. Envi-
ronmental Science & Technology, 38, 657-664. https://doi.org/10.1021/es0263745

Tabrizikahou, A., & Nowotarski, P. (2021). Mitigating the Energy Consumption and the
Carbon Emission in the Building Structures by Optimization of the Construction
Processes. Energies, 14, Article No. 3287. https://doi.org/10.3390/en14113287

Technical Specification for Emission Reduction of Construction Waste (2011). China.

USEIA (U.S. Energy Information Administration) (2010). International Energy Outlook
2010.

Wang, C., & Zhang, Y. (2020). Realization Path and Policy System of Carbon Neutrality
Vision. China Environmental Management, 12, 58-64.

Wang, J., Huang, Y., Teng, Y., Yu, B., Wang, J., Zhang, H., & Duan, H. (2021). Can
Buildings Sector Achieve the Carbon Mitigation Ambitious Goal: Case Study for a
Low-Carbon Demonstration City in China? Environmental Impact Assessment Re-
view, 90, Article ID: 106633. https://doi.org/10.1016/j.eiar.2021.106633

Xi, C., & Cao, S.-J. (2022). Challenges and Future Development Paths of Low Carbon
Building Design: A Review. Buildings, 12, Article No. 163.
https://doi.org/10.3390/buildings12020163

Zhang, X., Xu, J., Zhang, X., & Li, Y. (2021). Life Cycle Carbon Emission Reduction Po-
tential of a New Steel-Bamboo Composite Frame Structure for Residential Houses.
Journal of Building Engineering, 39, Article ID: 102295.

DOI: 10.4236/Ice.2022.133007

146 Low Carbon Economy


https://doi.org/10.4236/lce.2022.133007
https://doi.org/10.1021/es201308x
https://doi.org/10.1016/j.energy.2007.01.002
https://doi.org/10.1016/j.buildenv.2013.10.009
https://doi.org/10.1016/j.enbuild.2014.10.042
https://doi.org/10.1088/1748-9326/aa54ee
https://doi.org/10.3390/en14206550
https://doi.org/10.1016/j.eneco.2009.07.010
https://doi.org/10.1016/j.jclepro.2003.04.001
https://doi.org/10.1021/es0263745
https://doi.org/10.3390/en14113287
https://doi.org/10.1016/j.eiar.2021.106633
https://doi.org/10.3390/buildings12020163

G.Z.Zhu et al.

https://doi.org/10.1016/j.jobe.2021.102295

Zou, X. (2015). Urban Population Scale and Housing Quantity Growth Research. Modern
Urban Research, No. 12,17-23.

DOI: 10.4236/Ice.2022.133007 147 Low Carbon Economy


https://doi.org/10.4236/lce.2022.133007
https://doi.org/10.1016/j.jobe.2021.102295

	Quantification of Building Carbon Emissions in China a Using Hybrid LCA Model
	Abstract
	Keywords
	1. Introduction
	2. Methodology
	2.1. Research Purpose and Scope
	2.2. Selection of Carbon Emission Factors
	2.3. Calculation Formula of Carbon Emission in Each Stage
	2.3.1. Production Stage
	2.3.2. Construction Stage
	2.3.3. Use Stage
	2.3.4. End of Life Stage


	3. Case Study
	3.1. Data Collection
	3.2. Results Analysis
	3.2.1. Carbon Emission in Production Stage
	3.2.2. Carbon Emission in Construction Stage
	3.2.3. Carbon Emission in Use Stage
	3.2.4. Carbon Emission in End-of-Life Stage
	3.2.5. Carbon Emission in the Life Cycle of Building

	3.3. Emission Reduction Strategy

	4. Discussion and Conclusions
	Conflicts of Interest
	References

