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Abstract

Carbon emissions from buildings account for approximately half of China’s total social carbon emissions. Focusing
only on the carbon emissions of building operation tends to neglect the carbon emissions of other related parts of
the building sector, thus slowing down the progress of carbon peaking in the building sector. By applying life-cycle
analysis to calculate carbon emissions throughout the building’s life cycle, the performance of carbon emissions at
each stage of building materials, construction, operation and end-of-life demolition can be identified, so that carbon
reduction strategies in building design can be selected.. This paper constructed a method for calculating the carbon
emissions of green buildings in whole-building life cycle, and conducted a summary analysis of the carbon emissions
of 33 projects that were awarded green building certification. The study found that the Chinese Assessment Stand-
ard for Green Buildings has a significant effect on reducing the carbon emissions of buildings in whole-building life
cycle. Compared with the current average operational carbon emissions of buildings in China, the carbon intensity
of green public buildings is 41.43% lower under this standard and the carbon intensity of green residential buildings
is 13.99% lower. A carbon correlation analysis of the provisions of the current Chinese Assessment Standard for Green
Buildings was conducted, comparing the changes in the carbon intensity of buildings before and after the revision of
the standards. The study concluded that the new version of the standards has a greater impact on public buildings
than residential buildings, the requirement of carbon emission reduction in the production stage of building materi-
als is strengthened in terms of carbon emission during the whole-building life cycle. This study addresses the current
problem of unclear carbon emission reduction effect of green buildings.
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1 Introduction

On September 22, 2020, China announced its goal of
achieving peak carbon dioxide (CO,) emissions by 2030
and working towards carbon neutrality by 2060 [1]. Com-
pared with the United States, Japan, and the European
Union, China has a short time to achieve its carbon peak
and carbon neutrality and faces high pressure to meet
its target, considering its high total carbon emissions. In
2018, China’s total carbon emissions from the full con-
struction process were 4.93 billion tCO,, accounting for
51.2% of the national carbon emissions. Of this total,
carbon emissions from the production phase of building
materials were 2.72 billion tCO, and carbon emissions
from the operation phase of construction were 2.11 bil-
lion tCO,. The average annual growth rate of construction
carbon emissions has remained above 3.6% from 2016 to
2018 [2]. Based on the current development pattern, car-
bon emissions from building operations are expected to
peak in 2038-2040, with a peak carbon emission of about
3.15 billion tCO, [3]. It is clear that carbon reduction
measures and effects from the construction industry can
significantly influence the achievement of overall carbon
peak and carbon neutrality targets in China.

With buildings, whole-process carbon emissions sta-
tistics differ from the whole-life carbon emissions sta-
tistics. The whole-process analysis refers to a top-down
approach to calculating the production and transporta-
tion of building materials, building construction, building
operation, and demolition from the building sector in a
particular year [4]. In contrast, a whole-life carbon cal-
culation summarizes the carbon emissions of a building
from design, construction, and use, to end-of-life. This
also includes the production and transportation of build-
ing materials, construction, operation, and demolition,
but has a different meaning and results from a bottom-
up calculation [5]. In calculating carbon emissions over
the whole life cycle of a building, approximately 20% of
the carbon emissions come from the production phase

of building materials, and 80% of the carbon emissions
come from the operation phase of the building [6, 7].
Therefore, current controls related to building carbon
emissions tend to focus on reducing energy consumption
and changing the energy resource structure in building
operations. Improving the energy efficiency of buildings
is expected to result in carbon emissions from the opera-
tion phase of the building making up a smaller propor-
tion of the carbon emissions over the whole life cycle of
the building, even though the share of carbon emissions
from the production phase of building materials may
increase [8].

Life Cycle Assessment (LCA) is a common analytical
method for conducting environmental impact assess-
ments. 1SO14040/44, developed by the International
Standardization Organization (ISO), standardizes early
LCA studies, specifies the framework for LCA analy-
sis, and clarifies the differences and requirements with
respect to a Life Cycle Inventory (LCI) and Life Cycle
Impact Assessment (LCIA) [9]. Based on this, ISO
developed ISO 14067:2018 Greenhouse gases—Carbon
footprint of products—Quantitative requirements and
guidelines, and ISO 21930:2017 Sustainability in con-
struction and civil engineering—Core rules for environ-
mental product declarations for construction products
and services. Both standards are used to analyse the envi-
ronmental impact of a building throughout its life cycle
and the associated carbon footprint. The key difference is
that ISO 14067 is mostly used to analyse building materi-
als or one of the products that forms a part of a build-
ing [10]. In contrast, ISO 21930 is mostly used to analyse
the overall building project [11]. Due to the complexity
of construction projects and the many building materi-
als and products used, LCA is widely used to analyse and
assess the environmental impact of building materials
and products. As such, a LCA generally appears in envi-
ronmental impact assessment studies for construction
activities.
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Different countries’ standards apply LCA-based envi-
ronmental impact assessments, using the evaluation
elements in the ISO standards. to guide project scor-
ing. For example, the LEED (Leadership in Energy and
Environmental Design, USGBC) and BREEAM (Build-
ing Research Establishment Environmental Assessment
Method, BRE) standards directly cite the relevant ISO
standards, assigning scores to projects that conduct LCA
environmental impact assessments [12, 13].

In China, the Assessment Standard for Green Buildings
(GB/T 50378) was the first Chinese standard to focus on
and propose requirements for building carbon emissions.
It was revised and upgraded in 2019 to replace the version
released in 2014. The calculation of building carbon emis-
sions covers two stages: building design evaluation (pre-
certification) and building operation evaluation. Design
stage calculations help building designers optimize design
strategies and material selection; operation stage calcula-
tions provide a new dimension of environmental evalua-
tion for property holders and management organizations
to optimize facility operation and property services. GB/T
50378-2019 does not directly cite the ISO standards intro-
duced above, but requires that the LCA method be used to
calculate building carbon emissions [14].

The evaluation requirements of green buildings, and the
corresponding design measures, can directly or indirectly
reduce building carbon emissions. For example, solar
photovoltaic or more energy-efficient air conditioning
systems may be adopted [15]; or concrete frame masonry
infill structures may be used instead of reinforced con-
crete structures to achieve material reduction [16, 17].
As another example, natural components of clay and bio-
based materials are more effective in mitigating carbon
emissions than conventional components of reinforced
concrete and masonry [18]. These measures result in lower
operational carbon emissions [19] and lower embodied
carbon emissions [20] in green buildings compared to con-
ventional buildings. In terms of whole-life calculations, dif-
ferent building materials, design measures, and the range
of calculations and parameters chosen, can all impact
results [21, 22]. Significant research has been conducted
about this topic, but few studies have calculated carbon
emissions for Chinese buildings, and aligned them against
the carbon reduction effects and specific provisions in
China’s Assessment Standard for Green Buildings.

To address this research gap, the following activities
were completed for this study:

(1) Conducted a comparative analysis of the differences
between China’s Carbon Emission Calculation Standard
for Buildings (GB/T 51366—2019) and ISO 21930:2017,
and proposed an improved calculation model.
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(2) Verified the comprehensive carbon reduction effect
of green buildings, by analysing the results of whole-life
carbon emission calculations of 33 certified projects.

(3) Analysed the driving concerns of China’s Assess-
ment Standard for Green Buildings (GB/T 50378-
2019) with respect to reducing carbon emissions
from buildings.

2 Methodology for calculating carbon emissions
from buildings

ISO 21930 is based on ISO 14025 and ISO 14044, and
establishes principles, specifications, and require-
ments for environmental product declarations (EPDs)
with respect to building products and services, build-
ing components, and integrated technical systems used
in construction projects [11]. It provides a product cat-
egory rule (PCR) for the construction industry under the
framework of ISO 14025. ISO 21930 specifies that the
whole-life carbon emissions of buildings are to be divided
into embodied carbon and operational carbon. Embod-
ied carbon, in turn, is divided into upfront carbon (A1-3
and A4-5), use embodied carbon (B1-5), and end-of-life
carbon (C1-4). Figure 1 shows the relationship between
each stage of carbon, and the associated subcategories,
from the perspective of the whole life cycle of a building.
Operational carbon refers only to the B6 stage, the car-
bon emissions from the energy used in the building, and
does not include water. Water is not an energy source,
and as a resource it is too complex to handle, and for dif-
ferent buildings, water carbon footprint varies greatly
and is more suitable for exploration and statistics at the
level of urban areas, so it is out of scope.

A comparison of the Chinese national standard Car-
bon Emission Calculation Standard GB/T51366 [23] with
ISO 21930 reveals differences in the provisions used to
assess the production phase, construction phase, and use
phase of building materials. Table 1 provides a compara-
tive analysis of the two standards.

There are other, more specific differences in the stand-
ards. For example, the Chinese standard defines the
carbon sink as “the amount of carbon dioxide absorbed
and stored by greenery and plants from the air within
the scope of a defined building project” In contrast,
the ISO 21930 standard states that the carbon sink of a
building is the carbon dioxide stored or sequestered in
building materials. The above difference comes from dif-
ferent understandings of the meaning of GHG sink [10]
in ISO14067:2018.

Based on the comparative analysis of the elements
above, the formula for calculating the carbon emissions
of green buildings throughout their life cycle should
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Fig. 1 Processes and modules for conducting a life cycle assessment of building-related carbon emissions, according to 1SO 21930:2017

include the embodied carbon and operational carbon, as
shown in formula (1).:

C,=Ceg+Cy (1)

The embodied carbon is generated not only during
the production phase of building materials and the con-
struction phase of the building, but also during the use
(B1-B5 stage) and end-of-life stage of the building, and
should be calculated using the following formula (2).

Ce=Cic + Ciz+ Csy + Cpr (2)

The Cjc was calculated according to the following for-
mula (3 and 4), which should include the extraction,
transportation and processing and manufacturing of raw
materials for each building material used in the building.

Cie = >, Cei (3)

Giei = Z,Crm,i + Z,.Mrm,/DjTj + Z}.EMEF; (4)

The C;; was calculated according to the following for-
mula (5).

n
Crz =7,  EuiEF (5)

The embodied carbon in the use stage is the carbon
dioxide released from the use, maintenance, repair or
refurbishment, and replacement transport of renovated
building materials or their ancillary products. Carbon
emissions from the use of these products are referred to
in the building materials carbon emissions formulas (3)
and (4). The carbon emissions from repair or refurbish-
ment work activities are referred to in construction car-
bon emissions formula (5).

The operational carbon refers to carbon emissions from
building energy use (B6 stage), which can be divided into
electricity and non-electricity according to the type of
energy, and the calculation formula (6) is as follows.

n
Cm =Y (EiEF;)+E o EF 6)
i=1
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During the design stage, the activity data should be
obtained from the project budget list, and for the opera-
tional energy consumption, it can be simulated and pre-
dicted by the building energy analysis software. When
the building is completed and delivered for use, the activ-
ity data should be obtained from the final project budget
list, and the operational energy consumption data should
be the result of the actual energy consumption bill or the
energy consumption monitoring system records.

3 Results

This study included an analysis of whole-life carbon
emission reports for 25 public building projects and 8
residential building projects in China, using two edi-
tions of the GB/T 50378 standard (2014 Edition and
2019 Edition). The 25 public building projects include
21 “2014 Edition” standard projects and 4 “2019 Edi-
tion” standard projects. The “2014 Edition” projects
include 5 two-star projects, referred to as Cases 1-5;
and 16 three-star projects, referred to as Cases 6-21.
The “2019 Edition” projects include 2 two-star pro-
jects, referred to as Cases 22 and 23; and 2 three-star
projects, referred to as Cases 24 and 25. The calculation
results of the carbon emissions for the “2014 Edition”
projects, excluding the effect of extreme values of indi-
vidual projects, show that the average carbon emissions
intensity is 3.15 tCO,/m% Under the “2014 Edition,’
the carbon emissions are calculated for the whole life
cycle of projects, based on a 50-year service life, using
area-weighted average processing. For the “2019 Edi-
tion” projects, the average carbon emission intensity of
the standard project is 1.78 tCO,/m>% Under the 2019
standard, the full life cycle carbon emissions are calcu-
lated based on a 50-year life cycle, using area-weighted
averaging. Figure 2 shows the data distribution; “2014

10

o 8.74

£

=

o eI

=)

g 7t

ey

2 6

c

€ 5[ 4.005.

s 4l = 3.58.55

= 2.96; 79

2 3

= 2.07

Q

s 2rQg108 o

2 Q.53

5 i I
0 |

1 2

Page 6 of 12

Edition” projects are shown as blue points; “2019 Edi-
tion” projects are shown as green points.

From a whole life cycle perspective, after the revision
of the standard in 2019, the carbon emission intensity of
public buildings was reduced from 3.15 tCO,/m? to 1.78
tCO,/m? a reduction of 43.49%. Further, the effect of car-
bon reductions in the whole process remains significant.
The average proportions of carbon emissions in building
materials and operation, which account for a large pro-
portion of carbon emissions, were 28.64% for building
materials and 61.86% for operations before the revision
(“2014 Edition”), and 26.34% for building materials and
67.99% for operations after the revision (“2019 Edition”).
The change of the ratio reflects the difficulty of reducing
carbon emissions in the building use phase based on the
total reduction, with the goal of maintaining higher per-
formance and better health and comfort in the building.

Of the eight residential building projects, six are “2014
Edition” projects (Cases 1-6) and two are “2019 Edition”
projects (Cases 7 and 8). The statistical results in Fig. 3
show that revision had little impact on building carbon
emissions, likely for two key reasons. First, there are too
few data available for analysis, and more case support is
needed. Second, the residential building projects for car-
bon emission calculation are all three-star, and the projects
themselves have high design standards. Centralized heating
and cooling equipment is commonly used to create a con-
trolled and comfortable indoor heat and humidity environ-
ment; the revised requirements between the 2014 and 2019
Editions did not significantly impact building equipment
performance and indoor heat and humidity control.

The two cases with more significant carbon inten-
sity (Cases 3 and 8) are projects that face high heating
demands in winter. This finding is consistent with other
studies on carbon emissions from the building sector.

5.41
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3.05 3174 £
1 60 1.63
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‘ ‘ | 1 I 1

3 45 6 7 8 9 1011 12 13 14.15 16 17 18 19 20 21 22 23 24 25
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Fig. 2 Carbon emission intensity of green building projects (public buildings) (tCO,/m?)
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Fig. 3 Carbon emission intensity of green building projects (residential buildings) (kgCO,/m?a)

The weight and impact of carbon emissions from heat-
ing, as a component of the overall building carbon emis-
sions, is a challenge that needs to be directly addressed to
reduce the carbon intensity of buildings.

From a comprehensive perspective, the carbon emis-
sion intensities of projects adopting the 2019 edition of
GB/T 50,378 are somewhat reduced by different amounts
compared to the 2014 Edition. The trend is clearer for pub-
lic buildings than residential buildings. Compared with the
national average, the average carbon emission per unit build-
ing area of public buildings is 35.60 kgCO,/(m*a), which is
41.43% lower than the national average of 60.78 kgCO,/(m*a)
[2]. The average carbon emission per unit building area of
residential buildings is 24.96 kgCO,/(m*a), which is 13.99%
lower than the national average of 29.02 kgCO,/(m*a) [2].

4 Discussion

The case study shows that green buildings have a sig-
nificant effect of reducing the total amount and inten-
sity of building carbon emissions. The whole-life carbon

emission intensity of buildings is close to or lower than
the current national operational carbon emission inten-
sity in China. Compared with conventional buildings,
green buildings are regulated and evaluated using sig-
nificantly different provisions (divided into direct car-
bon reduction measures and indirect carbon reduction
measures).

4.1 Basic provisions

Article 3.2.8 of the GB/T 50378 establishes the starting
point for determining the energy-saving levels associ-
ated with one-star, two-star, and three-star green build-
ings (see Table 2). These include the control indexes
of thermal performance of the building envelope; and
the heat transfer coefficient and airtightness of exterior
windows, which is critical in the passive energy-saving
design of buildings and directly affect the heating and air
conditioning loads of buildings. The energy consump-
tion of these control points accounts for approximately
40-60% of the overall energy consumption of buildings.
Therefore, further improving energy saving requirements

Table 2 GB/T 50378-2019 Basic energy saving and emission reduction requirements for one-star, two-star, three-star green buildings

Performance Requirements One-star

Two-star Three-star

The proportion of the improvement in the
thermal performance of the envelope, or the
proportion of reduction of the building heating
and air conditioning load

Percentage reduction in heat transfer coefficient 5%
of exterior windows of residential buildings in
severe and cold regions

Airtightness of exterior windows

5% increase in envelope or 5% decrease in load

20% increase in enve-
lope or 15% decrease
in load

10% increase in envelope
or 10% decrease in load

10% 20%

Consistent with the provisions of the relevant national energy-saving design standards, and the

combination of the exterior window openings and the exterior window body parts should be tight
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should start from the source of the energy demand and
reduce the carbon emissions generated by building
operations.

4.2 Evaluation terms

4.2.1 Direct carbon reduction related articles

Direct carbon emission reduction-related provisions
refer to those that directly reduce building energy or
improve the building energy structure, and directly
reduce the building’s carbon emissions. These provi-
sions are most easily understood in relation to building
energy consumption. For example, Article 7.1.2 states:
“Measures shall be taken to reduce the energy con-
sumption of heating and air conditioning systems under
partial load and partial space use” Article 7.2.6 states:
“take effective measures to reduce the energy consump-
tion of the end systems of heating and air conditioning
systems and transmission and distribution systems.” In
addition, some of the envelope thermal performance,
lighting, electrical, and renewable energy applications
are also direct carbon emission reduction measures.
Of these, photovoltaic renewable energy may be used
to adjust the building’s energy structure, or the core of
the building, from the end of energy use to the end of
capacity.

GB/T 50378 includes several chapters that include
provisions for directly reducing build carbon emissions:
Chapter 5, health and comfort; Chapter 6, convenience
of life; Chapter 7, resource conservation; Chapter 8, envi-
ronmental liveability; and Chapter 9, improvements and
innovation. There are 39 total provisions, including 17

20
18
16
14
12
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control items, 19 scoring items, and 3 extra points. Fig-
ure 4 shows the distribution of items.

In terms of points, the provisions directly related to
carbon emission reduction in buildings represent a total
of 406 points (10 points for each control item), account-
ing for 36.91% of the total points (out of 1100 points).
The points associated with different direct carbon emis-
sion reduction measures are presented here in declining
order, to illustrate which elements have the most impact
on the total score: HVAC (175 points), electrical and
lighting (69 points), building materials (54 points), water
supply and drainage (49 points), and landscape green-
ing (26 points); these account for 15.91%, 6.27%, 4.91%,
4.45%, and 2.36% of the total points, respectively.

4.2.2 Indirect carbon reduction related articles

Indirect carbon emission reduction refers to provisions
that do not directly reduce the consumption of building
energy and resources, or reduce building carbon emis-
sions, but do indirectly achieve resource and energy
savings through technical measures. These indirect
measurements are generally related to building design
standards and user behaviour. For example, Article 4.2.6
of the GB/T 50378 standard proposes to “take measures
to improve the adaptability of the building” The goal of
this provision is to extend the service life of the building
and avoid the abandonment or demolition of the build-
ing, because internal functions no longer meet changes
in user demand. From the perspective of carbon emis-
sions across the whole life cycle of a building, approxi-
mately 30% of carbon emissions come from the physical
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Fig. 4 Distribution of direct carbon reduction provisions
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phase. In the case of completed projects, if the carbon
emission (annual) remains stable, extending the service
life of the building is clearly an effective carbon reduction
measure. The newly revised third edition of the standard
2019 emphasizes the importance of this provision, and
more clearly visualizes provisions related to energy sav-
ing behaviour. The most intuitive point is that the moni-
toring of the indoor environmental parameters of the
building should be visualized and adjustable within a cer-
tain comfort range. This ensures the high quality of the
building, and ensures that building performance remains
at a high level. Behavioural energy-saving effects created
by good usage habits can reduce the carbon emissions of
the building operations phase by about 15% [24]. Given
the scale and time effects of building operation and use,
the agglomeration effect is significant, even though the
proportion of savings is not very high.

GB/T 50378 includes provisions that are indirectly
related to building carbon emissions reduction in: Chap-
ter 4, safety and durability; Chapter 6, convenience of
living; Chapter 7, resource conservation; and Chapter 8,
environmental liveability. This reflects a total of 24 items,
including 5 control items, 5 scoring items, and 1 extra
point. Figure 5 shows the distribution of items.

In terms of points, there are a total of 254 points asso-
ciated with provisions that reflect indirect impacts in the
GB/T 50378 standard, accounting for 23.09% of the total
score (out of 1100 points, with each control item calcu-
lated as 10 points). The points associated with different
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indirect carbon emission reduction measures are listed
in descending order here to illustrate their relative
impacts: construction (132 points), management services
(40 points), building materials (39 points), water supply
and drainage (23 points), and HVAC (20 points); these
account for 12.00%, 3.64%, 3.55%, 2.09%, and 1.82% of the
total points, respectively.

4.2.3 Analysis of the effect of carbon reduction evaluation
requirements

It is clear that the equipment, technical measures, or
design objectives required by the Assessment Standard
for Green Buildings have the effect of reducing building
carbon emissions, regardless of whether they are direct
or indirect carbon reduction requirements. It is easier
to quantify the effect of the direct carbon reduction
evaluation provisions. In contrast, because many factors
and variables influence the effect of the indirect carbon
reduction evaluation provisions, the correlation mecha-
nism is less certain. Using the example of adjustable
shading required by the direct carbon reduction evalua-
tion provisions, when considering the four orientations
(north, south, east, west) of exterior window shading
systems, shading the south orientation has the greatest
impact on the building load throughout the year; a mid-
mounted roller blind is the shading form with the highest
reduction rate for the building load, reaching up to 35%;
and the built-in horizontal louver shading has the lowest
reduction rate for the building load, at about 10% [25].

M Prerequisite Items M Scoring Items

Fig. 5 Distribution of indirect carbon reduction provisions
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Load reduction cannot be directly equated with reduc-
tions in indirect building carbon emissions; however, a
lower load is associated with less energy use, which natu-
rally results in lower carbon emissions under the same
conditions. There is a clear linear relationship between
the two.

Evaluating the carbon reduction effect is complex,
as there are large differences between north and south
China, differences in the design parameters of differ-
ent building thermal partitions, and different concerns
with respect to energy efficiency in buildings. Using the
effect of heat islands on building heating and air condi-
tioning energy consumption as an example, in Hot Sum-
mer and Warm Winter regions, the growth rate of total
energy consumption due to the heat island effect is about
8.55%/0.5 °C. In regions with a Hot Summer and Cold
Winter, the difference between the increase in air condi-
tioning energy consumption and the decrease in heating
energy consumption due to the heat island effect is not
large, and the total energy consumption remains essen-
tially the same. In contrast, residential buildings are dom-
inated by heating energy consumption, and the reduction
of total energy consumption due to the heat island effect
is about 1.74%/0.5 °C and 2.97%/0.5 °C, for Severe Cold
regions and Cold regions [26]. These differences also have
a different impact on building carbon emissions.

5 Conclusion

This study examined the scope and methods used to cal-
culate carbon emissions over the full life cycle of build-
ings. Using the actual carbon emission statistics for 25
public buildings and 8 residential buildings that received
the Green Building Label, several findings can be con-
cluded here.

(1) An LCA-based building carbon emission analysis
can effectively reflect the carbon emissions of a build-
ing as a product, from the design plan to selection of
materials to operation and use to the full process of
maintenance and demolition. This differs from the
practice of only focusing on carbon emissions during
the operation phase and not considering the embod-
ied carbon of the building.

(2) The whole-life carbon emission intensity of pro-
jects certified under the Assessment Standard for
Green Buildings is lower than the current average
carbon emission intensity of buildings in China. The
carbon emission intensity of green public buildings
is 41.43% lower than the national average, and the
carbon emission intensity of green residential build-
ings is 13.99% lower than the national average.

(3) The 2019 Edition of China’s Assessment Standard
for Green Buildings further strengthened the require-
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ments for carbon reduction measures in buildings
compared to the 2014 Edition, with 36.91% of the
score associated with direct carbon reduction eval-
uation requirements and 23.09% of the score asso-
ciated with indirect carbon reduction evaluation
requirements.

(4) After the 2019 revision of China’s Assessment
Standard for Green Buildings, the proportion of car-
bon emissions from the production phase of build-
ing materials to the whole life cycle of the building
was reduced from 28.64 to 26.34%. This indicates
that green buildings consider the requirement to
reduce both embodied and operational carbon.

(5) Without considering changes in the carbon emis-
sion factor of electricity, the analysis above indicates
that the carbon emission intensity of new green
public buildings is more likely to meet the 7 kgCO,/
(m%a) reduction in carbon emission intensity of new
buildings required by the Chinese full-text manda-
tory standard “General Specification for Energy Con-
servation and Renewable Energy Use in Buildings”
(GB 55015-2021) [27].

Like all studies, this one has limitations. The study
cases are not enough, and did not collect further details
about the carbon reduction measures taken in the spe-
cific green building case studies, which would have
helped analyse the impact of these measures with respect
to the whole-building life carbon emission. Future
research should expand the number of cases studied
and focus on building materials, construction practices,
and indoor environmental requirements used in dif-
ferent building types in different climatic regions. This
would improve the comprehensiveness and accuracy of
the analysis of the whole-life carbon reduction effects of
green buildings.

The carbon emission data for buildings in this study
based on LCA method of the ISO21930, and focus on
the final results, do not cover the selection of calcula-
tion parameters, such as the carbon footprint of build-
ing materials and energy carbon emission factors.
Considering the differences in the carbon footprint of
building materials produced by different enterprises,
the variations in transport distances and modes of
transport, and the differential carbon emission factors
of purchased energy due to differences in the energy
composition of regional power grids (the proportion of
renewable energy generation) would be other areas to
explore in subsequent studies. These studies will help
to promote the application and adaption of 1SO21930
in China, and promote the carbon emission assessment
of the whole life of buildings to be more scientific and
reasonable.



Guo et al. Low-carbon Materials and Green Construction (2023) 1:9

6 Nomenclature
C; Whole-life emissions of buildings, tCO,.

Cr Embodied carbon emissions of buildings, tCO,,.

C,, Building operational emissions, tCO,.

Cjc Carbon emissions from the production phase of
materials, tCO,.

C;; Carbon emissions during the construction phase,
tCO,.

C,y Carbon emissions during the use phase, tCO,.

Cpr Carbon emissions at end-of-life stage, tCO,.

Cas Building operational emissions, tCO,.

E; The i-™ type of non-renewable energy used in the
operation of the building, other than electricity.

EF; Carbon emission factor for energy type i,
kgCOy/kWh or kgCOy /kg.

E Amount of purchased electricity used for building
operations, kWh.

EF Carbon emission factors for electricity in the area
where the building is located, tCO,/kWh.

Cj; Product carbon emissions of building material i,
tCO,.

C,,; Product carbon emissions of the j™ raw material
of the i building material, tCO,.

M,,; Weight of the j™ raw material to produce the ith
building material, t.

D; Average transport distance of the i raw material to
produce the ith building material, km.

T; Carbon emission factor for the i mode of transpor-
tation of raw materials to produce the i building mate-
rial, kgCO,/(t-km).

E;; jth amount of energy used to produce and manu-
facture the ith building material, KWh or kg.

EF; Carbon emission factor for the jth energy source
used to produce and manufacture the ith building mate-
rial, kgCO,/kWh or kgCO,/kg.

Ej;,; Total energy use for building construction phase i,
kWhorkg.
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