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Abstract

Taking a reinforced‑concrete frame teaching building at a university as a case study, this
study established a carbon emission accounting framework based on BIM‑derived quan‑
tities, identified carbon emission hotspots at the stage, material, and component levels,
and comprehensively evaluated the accounting results and emission reduction poten‑
tial through sensitivity analysis, Monte Carlo uncertainty analysis, and low‑carbon sce‑
nario assessment. The results showed that the total A1–A5 carbon emissions of the case‑
study building were 16,812.69 tCO2e, corresponding to a carbon emission intensity of
442.51 kgCO2e/m2, of which modules A1–A3 accounted for 94.40%. C35 concrete, re‑
inforcing steel, and autoclaved aerated concrete blocks collectively contributed 88.1% of
A1–A3 emissions, while reinforcing steel, infill walls, and floor slabs constituted the major
component‑level hotspots. Monte Carlo simulation showed that the baseline accounting re‑
sult fell within the main probability distribution range, while the integrated optimization
scenario reduced total A1–A5 carbon emissions by 7.72%. This study quantified carbon
emissions from the building material production, transportation, and construction stages
(A1–A5) of a teaching building and identified priority targets for emission reduction. The
results provide a quantitative basis for low‑carbon material selection, key component con‑
trol, and construction‑stage optimization of teaching buildings in China.

Keywords: building information modeling (BIM); building carbon emissions; multi‑level
hotspot identification; Monte Carlo simulation; low‑carbon optimization

1. Introduction
Research on carbon reduction in the building sector is increasingly expanding from

operational energy consumption control to whole‑life‑cycle carbon management. As build‑
ing operational energy efficiency improves, the relative contribution of embodied carbon
arising from building material production, transportation, and construction continues to
increase within life‑cycle emissions [1,2]. Carbon emissions generated during building
material production (A1–A3), transportation (A4), and construction (A5) occur before a
building enters operation, meaning that the main opportunities for emission reduction are
concentrated in the early design and construction stages and are therefore characterized
by strong upfront and lock‑in effects.
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In reinforced‑concrete public buildings, material types, quantities, and structural sys‑
tems are major factors affecting upfront carbon emissions [3]. Studies of university build‑
ings have also shown that structural systems and material composition can significantly
influence building life‑cycle carbon emissions [4,5]. Evidence from building case studies
in China indicates that concrete, reinforcing steel, and masonry blocks often constitute
the principal emission sources during the material production stage [6]. Although the
contributions of A4 transportation and A5 construction are generally lower than those
of the material production stage, transportation distance, construction energy consump‑
tion, and on‑site management can still affect upfront emissions [7]. Therefore, accounting
only for total building emissions is insufficient to support targeted emission reduction de‑
cisions; the specific contributions of individual materials and building components must
also be identified.

The development of BIM has provided a structured and digital data foundation for
building carbon emission accounting. Previous studies have explored BIM–LCA integra‑
tion frameworks, data structures, and continuous assessment approaches [8,9], with re‑
search gradually extending to early‑stage design decision‑making, automated component–
material–emission factor mapping, and embodied carbon assessment [10,11]. In recent
years, openBIM‑based automated A1–A5 accounting and component‑level life‑cycle car‑
bon management frameworks have further improved the efficiency of digital carbon ac‑
counting [12]. Recent research has also applied the BIM–LCA workflow to the design
of kindergarten buildings, evaluating potential decarbonization strategies at the design
stage by comparing the carbon emissions associated with different material options dur‑
ing stages A1–A3 [13]. However, current research still faces challenges related to model
data standardization, emission factor matching, and the regional applicability of carbon
emission data.

In addition to data mapping issues, building carbon emission accounting is also af‑
fected by uncertainties in parameters such as material quantities, carbon emission factors,
transportation distances, and construction energy consumption. Previous reviews have
shown that parameter values, scenario settings, and model assumptions can all influence
building LCA results [14,15]. Monte Carlo simulation combined with sensitivity analysis
can extend a single deterministic result into a probability distribution and has been ap‑
plied to embodied carbon assessments of educational buildings and different structural
systems [16,17], providing a methodological basis for quantifying uncertainty and identi‑
fying key parameters.

Current low‑carbon research is gradually shifting from carbon emission accounting
toward hotspot identification and design optimization. Existing studies have shown that
structural material combinations, concrete and reinforcing steel parameters, building en‑
velope materials, and early‑stage structural design all offer potential for carbon emission
reduction [18,19]. However, for actual university teaching buildings, relatively few stud‑
ies have integrated A1–A5 carbon emission accounting, multi‑level hotspot identification
across the stage, material, and component levels, parameter uncertainty analysis, and emis‑
sion reduction scenario assessment within a unified analytical framework.

This study takes a reinforced‑concrete frame teaching building as a case study and
uses actual component quantities extracted from the BIM model to establish an A1–A5
carbon emission accounting framework covering the building material production and
construction stages. Carbon emission hotspots were identified at three levels—life‑cycle
stage, building material, and BIM component—to determine the major high‑contribution
materials and their corresponding components. One‑factor sensitivity analysis and Monte
Carlo uncertainty analysis were then used to identify the key parameters affecting the
accounting results and to evaluate the stability of hotspot identification under parame‑
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ter variation. In addition, low‑carbon optimization scenarios involving structural mate‑
rials, building envelope materials, transportation, and integrated measures were estab‑
lished to compare the potential effects of different emission reduction pathways. The study
aims to develop a complete analytical chain comprising “quantity takeoff–carbon emission
accounting–hotspot identification–uncertainty analysis–emission reduction optimization,”
thereby providing a reusable methodological reference for low‑carbon decision‑making
during the design, material procurement, and construction stages of reinforced‑concrete
public buildings with similar material systems and construction characteristics.

2. Research Framework and Methods
2.1. Case Studies in Architecture and BIM‑Based Quantity Takeoff

The case study focuses on a teaching building with a reinforced‑concrete frame
structure, primarily used for teaching and associated support functions. The building
comprises five above‑ground stories and one basement level, with a total floor area of
37,994.20 m2 and an overall height of 21.90 m. The above‑ground and basement floor ar‑
eas are 34,997.00 m2 and 2997.20 m2, respectively. The primary structural system consists
mainly of concrete and reinforcing steel, while the building envelope includes autoclaved
aerated concrete block walls, aluminum‑framed exterior windows, and glass curtain walls.

The research workflow is based on BIM‑derived quantity takeoff data and sequen‑
tially comprises A1–A5 carbon emission accounting, multi‑level hotspot identification, sen‑
sitivity and uncertainty analyses, and low‑carbon scenario evaluation. The overall research
framework is illustrated in Figure 1.

Figure 1. BIM‑based carbon emission assessment framework for the building construction stage.

A BIM model of the case‑study building was developed using Autodesk Revit 2016,
as shown in Figure 2. Quantity takeoff data were extracted from the geometric information
and material properties of the building components, and a “component–material–carbon
emission factor” mapping relationship was established to provide the basic data for A1–A5
carbon emission accounting [20,21]. Beams, columns, floor slabs, and staircases were uni‑
formly assigned to C35 ready‑mixed concrete, while infill walls were mapped to B06 auto‑
claved aerated concrete blocks; solid exterior walls were quantified separately. Roof con‑
struction layers and structural floor slabs were also quantified separately, whereas exterior
windows and curtain walls were measured by area.
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Figure 2. BIM model of the case‑study teaching building.

As the BIM model did not include explicit reinforcement information, the quantity of
reinforcing steel was estimated based on the steel content per unit floor area:

Ms =
Aqs

1000
(1)

In the formula, Ms denotes the total mass of reinforcing steel (t), A is the total floor
area (m2), and qs is the reinforcing steel content per unit floor area (kg/m2). In this study,
qs was set to 55 kg/m2, yielding an estimated reinforcing steel quantity of 2089.68 t.

To assess the engineering‑scale reasonableness of the main structural quantities and
the estimated reinforcing steel quantity, the structural concrete consumption and reinforc‑
ing steel content per unit floor area were selected as representative indicators and com‑
pared with reference ranges for similar teaching buildings [22]. In addition, the A1–A3
carbon emission intensity associated with concrete and reinforcing steel was compared
with those reported for existing educational building case studies to verify that the results
were of a comparable order of magnitude.

2.2. System Boundary and Carbon Emission Accounting Methods

This study employed the life cycle assessment (LCA) method to quantify carbon emis‑
sions from the building material production and construction stages of the case‑study
building [23,24]. The system boundary was defined as modules A1–A5, where A1 denotes
raw material supply, A2 raw material transportation, A3 building material manufacturing,
A4 transportation of building materials to the construction site, and A5 construction activ‑
ities. Modules A1–A3 are collectively referred to as the product stage [25]. The building
use, demolition, and recovery and recycling stages were excluded from the assessment.
The results are expressed in terms of total carbon emissions (tCO2e) and carbon emission
intensity per unit floor area (kgCO2e/m2).

2.2.1. Building Materials Production Stage

For modules A1–A3, carbon emissions from building material production were calcu‑
lated based on the bill of quantities obtained in Section 2.1 by matching the quantities of
major building materials with their corresponding carbon emission factors. Carbon emis‑
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sion factors were preferentially obtained from GB/T 51366—2019 and the Guidelines for
Carbon Emission Calculation of Civil Buildings in Jiangsu Province [26,27]. For materi‑
als without directly corresponding emission factors in these standards, interpolation, unit
conversion, or proxy factors were applied according to material properties, units of mea‑
surement, and engineering applications. The quantities and carbon emission factors of the
main building materials are presented in Table 1. The classification of modules A1–A3
followed the life‑cycle stage definitions used in building environmental assessment [28].

Table 1.Quantities and carbon emission factors of major building materials.

Building Material Quantity Unit Carbon
Emission Factor Unit Methods for Obtaining

Emission Factors

C35 ready‑mixed
concrete 18,270.53 m3 301.50 kgCO2e/m3

Linear interpolation
based on the C30 and
C50 concrete factors

HRB reinforcing
steel (estimated) 2089.68 t 2340.00 kgCO2e/t Directly reference

standard factors

B06 autoclaved
aerated concrete

blocks
10,959.82 m3 327.00 kgCO2e/m3

Directly reference the
corresponding grade

factor

Thermally broken
aluminum‑framed
exterior windows

(100% primary
aluminum)

5660.90 m2 254.00 kgCO2e/m2 Citation Impact Factor

XPS insulation 34.87 t 5020.00 kgCO2e/t

Based on data from the
reference database, the

quantities were
converted using density

factors

C20 fine‑aggregate
concrete 362.27 m3 227.50 kgCO2e/m3

Refer to the standard
factors for C20

ready‑mix concrete

Glass curtain wall 271.05 m2 254.00 kgCO2e/m2

Factors influencing the
selection of thermal

break aluminum alloy
exterior windows

M15 ready‑mixed
mortar 181.14 m3 354.75 kgCO2e/m3

Based on the M15
dry‑mix floor mortar

factors

Concrete wall (solid
exterior wall) 203.30 m3 301.50 kgCO2e/m3

Continue to use the C35
concrete interpolation

factor

The sources of the carbon emission factors, unit conversion procedures, and proxy
factor treatments for each material are provided in Appendix A). Materials lacking either
production‑stage carbon emission factors or independently quantified material quantities
were excluded from the A1–A3 baseline calculation, but were not assumed to have zero
emissions. This method may lead to an underestimation of actual carbon emissions. There‑
fore, the total carbon emissions calculated in this study reflect only those associated with
the materials included in the available bill of materials.
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The total carbon emissions from the building material production stage were calcu‑
lated as follows:

CA1−A3 =
n

∑
i=1

QiEFi
1000

(2)

In the formula,CA1–A3 represents the carbon emissions from the building material pro‑
duction stage (tCO2e), Qi denotes the quantity of the i‑th material, EFi is the corresponding
carbon emission factor, and n is the number of material types. All units were standardized
during the calculation, and 1000 was used as the unit conversion factor.

2.2.2. Building Material Transportation Stage

Carbon emissions in module A4 arise from the transportation of building materials
from supply locations to the construction site. These emissions are primarily affected
by the transported mass, transportation distance, and transport mode [29]. As complete
transportation records were unavailable, typical supply distances and the corresponding
vehicle‑specific emission factors were adopted for estimation.

Carbon emissions from the building material transportation stage were calculated
as follows:

CA4 =
n

∑
i=1

MiDiTi
1000

(3)

In the formula, CA4 represents the carbon emissions from the transportation stage
(tCO2e), Mi denotes the transported mass of the i‑th material (t), Di is the average trans‑
portation distance (km), and Ti is the transportation emission factor [kgCO2e/(t·km)].

2.2.3. Construction Stage

Module A5 primarily accounts for electricity and diesel consumption during construc‑
tion [30]. Due to the lack of on‑site measured energy consumption data, construction en‑
ergy consumption intensities per unit floor area were used for estimation. The relevant
parameters and their uncertainty ranges are provided in Appendix A.

Carbon emissions from the construction stage were calculated as follows:

CA5 =
A(EeEFe + EdEFd)

1000
(4)

In the formula, CA5 represents the carbon emissions from the construction stage
(tCO2e),Adenotes the total floor area of the building (m2), Ee andEd represent the construc‑
tion electricity consumption intensity (kWh/m2) and diesel consumption intensity (L/m2)
per unit floor area, respectively, and EFe and EFd are the corresponding carbon emission
factors for electricity and diesel, respectively.

2.2.4. Carbon Emission Summary

After the calculations for modules A1–A3, A4, and A5 were completed, the emissions
from each stage were summed to obtain the total carbon emissions from building material
production and construction:

Ctotal = CA1−A3 + CA4 + CA5 (5)

The carbon emission intensity per unit floor area was calculated as follows:

IC =
1000Ctotal

A
(6)

In the formula, Ctotal represents the total carbon emissions from modules A1–A5
(tCO2e), IC denotes the carbon emission intensity per unit floor area (kgCO2e/m2),
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and A is the total floor area of the building (m2). In this study, the total floor area of
37,994.20 m2 specified in the design documents was used as the denominator for the in‑
tensity calculation.

2.3. Multi‑Level Carbon Emission Hotspot Identification Method

To identify the primary carbon emission sources across modules A1–A5 of the case‑
study building, hotspot analysis was conducted at three levels: life‑cycle stage, building
material, and BIM component. At the stage level, the relative contributions of modules
A1–A3, A4, and A5 were compared. At the material level, high‑contribution building ma‑
terials were identified. At the component level, the A1–A3 emission contributions associ‑
ated with different building components were quantified based on BIM‑derived quantity
takeoff data. The carbon emission contribution of each analytical object was calculated
as follows:

Pj =
Cj

Cref
× 100% (7)

In the formula, Pj represents the carbon emission contribution rate (%) of the j‑th cat‑
egory, Cj denotes the carbon emissions (tCO2e) associated with the corresponding stage,
material, or component, and Cref is the reference total carbon emissions for the correspond‑
ing analytical level. At the stage level, total A1–A5 emissions were used as the denomina‑
tor, whereas at the material and component levels, A1–A3 building material production
emissions were used as the denominator. To evaluate the concentration of carbon emis‑
sions, the analyzed objects were ranked in descending order of carbon emissions, and the
cumulative contribution rate was calculated as follows:

Km =
m

∑
j=1

Pj (8)

In the formula, Km represents the cumulative contribution rate (%) of the top m cate‑
gories and is used to characterize the degree to which carbon emissions are concentrated
among a limited number of materials or components.

2.4. Sensitivity Analysis Method

Based on the hotspot identification results and the specified parameter ranges, a one‑
at‑a‑time sensitivity analysis was conducted for key parameters, including reinforcing steel
content, carbon emission factors of major building materials, transportation distances, and
construction energy consumption intensities [17]. During the analysis, all other parameters
were held constant while only the target parameter was varied, and the resulting changes
in total A1–A5 carbon emissions relative to the baseline scenario were evaluated. For glass
curtain walls, for which a proxy emission factor was adopted, a further one‑at‑a‑time sen‑
sitivity analysis was conducted. While keeping the baseline values of all other parameters
constant, the emission factor for glass curtain walls was varied individually within the
range of 194–254 kgCO2e/m2 to evaluate its impact on total carbon emissions.

The change in carbon emissions induced by parameter variation was calculated
as follows:

∆Ck = Ck − C0 (9)

In the formula, ∆Ck represents the change in carbon emissions caused by variation in
the k‑th parameter (tCO2e), Ck denotes the total carbon emissions after adjustment of the
parameter, and C0 is the total A1–A5 carbon emissions under the baseline scenario.
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The relative change rate was calculated as follows:

ηk =
Ck − C0

C0
× 100% (10)

In the formula, ηk represents the relative change rate (%) corresponding to variation
in the k‑th parameter. The parameter ranges were determined based on standard values,
engineering experience, and the ranges observed in the available data.

2.5. Monte Carlo‑Based Uncertainty Analysis Method

One‑factor sensitivity analysis primarily captures the effect of variation in an individ‑
ual parameter and cannot adequately characterize changes in the results when multiple
parameters vary simultaneously [20]. Therefore, Monte Carlo simulation was employed
for uncertainty analysis. The key parameters were treated as random variables, assumed
to be mutually independent, and assigned triangular probability distributions. A total of
5000 random samples were generated. In the Monte Carlo simulation, the input variables
used for building carbon emission accounting, including material emission factors, engi‑
neering quantities, transportation distances, and construction energy consumption, were
obtained from different sources. Given the lack of sufficient data to establish correlations
among these variables, all input parameters were assumed to be mutually independent.
However, this independence assumption represents a simplification under data‑limited
conditions. If correlations exist among the parameters in practice, they may affect the prob‑
ability distribution and uncertainty intervals of the simulation results. Regarding the selec‑
tion of probability distributions, the limited availability of statistical data for some input
parameters makes it difficult to establish precise probability distribution models. There‑
fore, triangular distributions were adopted to characterize parameter uncertainty. The tri‑
angular distribution accounts for the minimum, most likely, and maximum values of each
parameter, making it suitable for uncertainty analysis in engineering assessments where
data availability is limited. The lower bound, mode, upper bound, and random seed used
for each parameter are provided in Appendix A. To assess the stability of the ranking of
major emission sources in the Monte Carlo simulations, the carbon emissions of the major
materials were ranked in each simulation run. The “ranking stability rate” was defined
as the proportion of the total simulation runs in which the original ranking of emission
sources was maintained.

To verify the adequacy of the number of Monte Carlo simulations, a convergence
analysis was further conducted in this study. The stability of the simulation results was
evaluated by comparing the mean carbon emissions for stages A1–A5 obtained from dif‑
ferent numbers of simulation runs (500, 1000, 2000, 3000, 4000, and 5000). The results
indicate that the mean carbon emissions gradually converged as the number of simula‑
tions increased. When the number of simulation runs reached 5000, the mean carbon
emissions were 16,747.96 tCO2e, showing only minor variations compared with the re‑
sults obtained from fewer simulation runs. These findings indicate that 5000 simulation
runs were sufficient to ensure the stability of the uncertainty analysis results in this study
(see Figure S1 in the Supplementary Materials for the convergence analysis results).

The carbon emission result for the r‑th random sample can be expressed as follows:

C(r) = f (X(r)
1 , X(r)

2 , . . . , X(r)
p ) (11)

In the formula, C(r) represents the total A1–A5 carbon emissions obtained from the
r‑th sample, and X(r)

p denotes the value of the p‑th uncertain parameter in the r‑th sample.
The probability distribution of total carbon emissions was obtained through repeated sam‑
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pling, and its distribution characteristics were described using the mean, median, standard
deviation, and the 5th–95th percentile range.

2.6. Low‑Carbon Optimization Scenario Design

Based on the hotspot identification and sensitivity analysis results, low‑carbon opti‑
mization scenarios were established to compare the potential effects of different emission
reduction pathways. The term “low‑carbon optimization” in this study primarily refers to
carbon emission reduction. Based on the identification of major emission hotspots and sen‑
sitive parameters, it involves scenario‑based adjustments to key materials and related pa‑
rameters to compare the potential emission reduction effects of different scenarios. It does
not represent a comprehensive engineering optimization that simultaneously accounts for
multiple constraints, such as cost, structural performance, and material availability. The
scenario design focused on structural materials, building envelope materials, transporta‑
tion distances, and integrated optimization [30]. Six scenarios were considered: a base‑
line scenario, structural concrete optimization, low‑carbon reinforcing steel, building en‑
velope material optimization, transportation optimization, and integrated optimization. In
particular, the comprehensive optimization scenario S5 was calculated by aggregating the
emission reductions achieved in the four individual scenarios (S1–S4), without explicitly
accounting for potential interactions among the different optimization measures.

The emission reduction rate for each scenario was calculated as follows:

RS =
C0 − CS

C0
× 100% (12)

In the formula, Rs represents the emission reduction rate (%) for the s‑th scenario, Cs
denotes the total A1–A5 carbon emissions under that scenario (tCO2e), and C0 is the total
carbon emissions under the baseline scenario. The scenario analysis was primarily con‑
ducted to quantify the potential emission reduction effects of different low‑carbon path‑
ways. The practical feasibility of each scenario should be further evaluated by considering
structural safety, material availability, and cost constraints.

3. Results
3.1. Baseline Carbon Emission Results and Multi‑Level Hotspot Identification

Prior to the baseline carbon emission analysis, an engineering‑scale plausibility check
was conducted on the main structural quantities and their corresponding emission levels,
as presented in Table 2. The structural concrete consumption, reinforcing steel content, and
A1–A3 carbon emission intensity of the structural system were all within ranges compara‑
ble to those reported in relevant guidelines and previous educational building case stud‑
ies, indicating that the principal quantity estimates and accounting results were reasonable
at the engineering scale. This comparison was intended solely as an order‑of‑magnitude
check and should not be regarded as an independent validation of the accuracy of the BIM‑
derived quantities.

According to the accounting method described in Section 2.2, the total A1–A5 car‑
bon emissions of the case‑study building were 16,812.69 tCO2e, corresponding to a car‑
bon emission intensity of 442.51 kgCO2e/m2. Among these, the A1–A3 building material
production stage accounted for 15,872.01 tCO2e, or 94.40% of the total emissions; the A4
off‑site transportation stage contributed 191.83 tCO2e, or 1.14%; and the A5 construction
stage contributed 748.86 tCO2e, or 4.45%. The detailed accounting results are presented in
Table 3, and the carbon emission composition by stage is illustrated in Figure 3.
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Table 2.Engineering‑scale plausibility check of major quantity indicators and structural‑system car‑
bon emission intensity.

Comparison
Indicator This Case Reference Value Basis Description

Structural concrete
consumption 0.481 m3/m2 0.45–0.50 m3/m2

Guidelines for Carbon
Emission Calculation of

Civil Buildings in
Jiangsu Province [27]

Within the reference
range

Reinforcing steel
content per unit

floor area
55 kg/m2 50–60 kg/m2

Guidelines for Carbon
Emission Calculation of

Civil Buildings in
Jiangsu Province [27]

Within the reference
range

A1–A3 carbon
emission intensity of

concrete and
reinforcing steel

273.7 kgCO2e/m2 261.3 kgCO2e/m2 Teaching building case
in Zhongshan [31]

Comparable order of
magnitude

A1–A3 carbon
emission intensity of

concrete and
reinforcing steel

273.7 kgCO2e/m2 304 kgCO2e/m2

Structural‑system
results for an

educational building
reported by Gillott et al.

[32]

Comparable order of
magnitude

Table 3.A1–A5 carbon emission accounting results.

Stage Carbon Emissions
(tCO2e)

Carbon Emission
Intensity

(kgCO2e/m2)
Proportion (%) Data Description

A1–A3 Building
material production 15,872.01 417.75 94.40

Calculated based on
BIM‑derived

quantities and
building material
carbon emission

factors

A4 Off‑site
transportation 191.83 5.05 1.14

Estimated based on
typical supply

distances

A5 Construction 748.86 19.71 4.45

Estimated based on
construction energy

consumption
intensity

Total 16,812.69 442.51 100.00

Excluding the use,
demolition, and

recovery and
recycling stages

From the stage‑level distribution, carbon emissions from the case‑study building
were predominantly concentrated in the building material production stage, with mod‑
ules A1–A3 accounting for more than 90% of the total emissions. Under the parameter
settings adopted in this study, emissions from the A5 construction stage were higher than
those from the A4 off‑site transportation stage. Although A4 involved the transportation
of large quantities of materials, its contribution to total emissions remained relatively low
under the assumed typical supply distances. Given that the transportation distances for
stage A4 and the construction energy parameters for stage A5 are based on estimated val‑
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ues, sensitivity analysis and Monte Carlo simulation were conducted to further evaluate
the effects of parameter variations on the calculation results.

Figure 3.Composition of A1–A5 carbon emissions.

The material‑level analysis focused on modules A1–A3, and the carbon emissions as‑
sociated with the major building materials are shown in Figure 4. C35 ready‑mixed con‑
crete contributed 5508.56 tCO2e, accounting for 34.7% of A1–A3 emissions; HRB reinforc‑
ing steel contributed 4889.85 tCO2e, accounting for 30.8%; and autoclaved aerated concrete
blocks contributed 3583.86 tCO2e, accounting for 22.6%. Aluminum‑framed exterior win‑
dows accounted for 9.1%, whereas the individual contributions of the remaining materials,
including roof insulation, fine‑aggregate concrete, curtain walls, mortar, and solid exterior
walls, were relatively low.

Figure 4. Carbon emissions of major materials in A1–A3: (A) carbon emissions of individual build‑
ing materials (tCO2e); (B) percentage contributions of individual building materials to total A1–A3
emissions (%). Blue bars represent the three materials with the highest carbon emission contribu‑
tions, while grey bars represent the remaining materials.

The cumulative contributions of the major materials are shown in Figure 5. C35 con‑
crete and HRB reinforcing steel together accounted for approximately 65.5% of A1–A3
emissions. When autoclaved aerated concrete blocks were included, the cumulative con‑
tribution of the top three materials increased to approximately 88.1%. These results indi‑
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cate that A1–A3 carbon emissions were highly concentrated in a limited number of high‑
contribution materials, with structural materials and masonry envelope materials consti‑
tuting the principal material‑level hotspots.

Figure 5.Cumulative contribution of major materials to A1–A3 carbon emissions.

Based on the BIM‑derived component quantities, the component‑level carbon emis‑
sion characteristics were analyzed, as shown in Figure 6. Reinforcing steel was reported
as a separate item for the entire building, with emissions of 4889.85 tCO2e, accounting for
30.81% of A1–A3 emissions. Among the materials that could be directly mapped to BIM
components, infill walls and floor slabs made relatively large contributions. Infill walls
accounted for 3583.86 tCO2e, or 22.58%, while floor slabs contributed 3437.83 tCO2e, or
21.66%. Exterior windows accounted for 9.06%, whereas beams and columns contributed
8.20% and 4.31%, respectively. The contributions of the remaining components were com‑
paratively low.

Because reinforcing steel was not explicitly modeled as BIM entities, its quantity was
estimated based on the overall steel content of the building and reported as a separate
item rather than being allocated to specific components such as beams, columns, and floor
slabs. As shown in Figure 6, excluding this separate item, infill walls and floor slabs were
identified as the predominant component‑level carbon emission hotspots.

All three levels exhibited a pronounced concentration of carbon emissions. At the
stage level, emissions were concentrated in modules A1–A3; at the material level, they
were dominated by C35 concrete, reinforcing steel, and autoclaved aerated concrete blocks;
and at the component level, the main hotspots were reinforcing steel, infill walls, and floor
slabs. These hotspot identification results provided a clear basis for prioritizing the pa‑
rameters and objects considered in the subsequent sensitivity analysis and low‑carbon sce‑
nario design.
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Figure 6. Hierarchical relationships between materials and components and their corresponding
carbon emissions.

3.2. Sensitivity Analysis Results

To quantify the effects of key parameter variations on total A1–A5 carbon emissions,
a one‑factor sensitivity analysis was conducted under the baseline scenario, as shown in
Figure 7. The impacts of different parameters on total emissions varied considerably. Rein‑
forcing steel content and the carbon emission factor of autoclaved aerated concrete blocks
showed the highest sensitivities, followed by the carbon emission factor of C35 concrete,
construction electricity consumption intensity, and the carbon emission factors of exterior
windows and curtain walls.

Figure 7. Sensitivity analysis of key parameters on total A1–A5 carbon emissions.
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Variations in reinforcing steel content produced the largest fluctuation in total carbon
emissions, with a range of approximately 889.06 tCO2e, followed by the carbon emission
factor of autoclaved aerated concrete blocks, with a corresponding range of approximately
716.77 tCO2e. The carbon emission factor of C35 concrete resulted in a variation of ap‑
proximately 475.03 tCO2e, while construction electricity consumption intensity caused a
variation of approximately 433.36 tCO2e. These results indicate that material‑related pa‑
rameters were the dominant factors affecting the baseline carbon accounting results, while
construction electricity consumption intensity also exhibited relatively high sensitivity.

The variation in the carbon emission factors of exterior windows and curtain walls
resulted in a fluctuation of approximately 355.92 tCO2e. By contrast, the effects of con‑
crete transportation distance and diesel consumption intensity were relatively small, cor‑
responding to approximately 169.70 tCO2e and 98.81 tCO2e, respectively. Within the pa‑
rameter ranges considered in this study, total A1–A5 carbon emissions were more sensi‑
tive to high‑volume materials and their associated emission factors, whereas the effects
of transportation distance and diesel consumption were comparatively limited. In addi‑
tion, a separate sensitivity analysis was conducted for the glass curtain wall, for which a
proxy emission factor was adopted. The results show that when the curtain wall emission
factor varies within the range of 194–254 kgCO2e/m2, total A1–A5 carbon emissions vary
by 16.26 tCO2e, accounting for 0.10% of the baseline total emissions. This indicates that,
within the specified parameter range, the proxy emission factor for the glass curtain wall
has a relatively minor impact on total carbon emissions. Nevertheless, potential devia‑
tions arising from differences between the proxy factor and the actual emission factor of
the material cannot be completely ruled out.

The sensitivity ranking was generally consistent with the hotspot identification re‑
sults. Reinforcing steel, concrete, and autoclaved aerated concrete blocks were not only
the major emission sources but also key parameters affecting the stability of the account‑
ing results. Therefore, subsequent low‑carbon scenario analysis should prioritize the opti‑
mization of structural and envelope materials, while construction electricity consumption
should be treated as an important control parameter during the construction stage.

It should be noted that the reinforcing steel content of 55 kg/m2 was adopted as an
estimated parameter and is therefore subject to a certain degree of uncertainty. Its poten‑
tial impact on the carbon emission accounting results was quantified through sensitivity
analysis. The results indicate that, within the uncertainty range specified in this study,
variations in reinforcing steel content primarily affect the absolute value of total A1–A5
carbon emissions but do not substantially alter the contribution patterns of the major emit‑
ting materials or the hotspot identification results. Therefore, this parameter assumption
does not affect the main conclusions of this study regarding the major emission sources
and emission reduction priorities.

3.3. Monte Carlo Uncertainty Analysis Results

To evaluate the effects of simultaneous variations in multiple parameters on total
A1–A5 carbon emissions, 5000 Monte Carlo simulations were performed, as shown in
Figure 8. The mean total carbon emissions were 16,747.97 tCO2e, with a median of
16,751.37 tCO2e and a standard deviation of 283.32 tCO2e. The P5 and P95 values were
16,286.91 tCO2e and 17,212.76 tCO2e, respectively, corresponding to carbon emission in‑
tensities of 428.7–453.0 kgCO2e/m2.

The results of the 5000 simulations were primarily concentrated around the baseline
value, and the baseline accounting result of 16,812.69 tCO2e fell within the P5–P95 range.
The mean value obtained from the Monte Carlo simulation was slightly lower than the base‑
line accounting result, mainly because a triangular distribution of 194–254 kgCO2e/m2 was
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assigned to the carbon emission factors of exterior windows and curtain walls in the simu‑
lation, whereas the baseline calculation adopted a value of 254 kgCO2e/m2. The combined
variations in the other random parameters partially offset or reinforced this difference.

Figure 8.Distribution of total A1–A5 carbon emissions under Monte Carlo simulation.

The combined variation in multiple parameters introduced some dispersion in total
carbon emissions, although the overall distribution remained relatively concentrated. The
carbon emissions of the major materials were ranked in each of the 5000 Monte Carlo sim‑
ulation runs. The results showed that the relative rankings of C35 concrete, reinforcing
steel, and autoclaved aerated concrete blocks remained unchanged throughout all simula‑
tion runs, with a ranking stability rate of 100% for each material. Within the specified pa‑
rameter ranges, the baseline accounting result fell within the main probability distribution
range. Reinforcing steel content, the carbon emission factors of major materials, and con‑
struction electricity consumption intensity remained the primary sources of uncertainty in
total carbon emissions.

3.4. Low‑Carbon Optimization Scenario Results

Based on the hotspot identification and sensitivity analysis results, optimization sce‑
narios were established for structural concrete, reinforcing steel, building envelope mate‑
rials, and transportation, together with an integrated optimization scenario. The carbon
emission results for each scenario are presented in Table 4.

Each individual scenario reduced carbon emissions in Phases A1–A5, but the ex‑
tent of the reductions varied significantly. The S2 scenario—low‑carbon reinforcement—
achieved the highest individual emission reduction of 731.39 tCO2e, corresponding to
a reduction rate of 4.35%; this was followed by the S3 scenario—optimized envelope
materials—with a reduction rate of 2.12%. The emission reduction rates for the S1 struc‑
tural concrete optimization and S4 transportation optimization scenarios were 0.71% and
0.55%, respectively.
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Table 4.Carbon emission results under different low‑carbon optimization scenarios.

Scenario Optimization
Measure

Total Carbon
Emissions
(tCO2e)

Carbon Emission
Intensity

(kgCO2e/m2)

Emission
Reduction
(tCO2e)

Emission
Reduction Rate (%)

S0 Baseline scenario 16,812.69 442.5 0.00 0.00

S1
Structural
concrete

optimization
16,693.93 439.4 118.76 0.71

S2 Low‑carbon
reinforcing steel 16,081.30 423.3 731.39 4.35

S3

Building
envelope
material

optimization

16,456.77 433.1 355.92 2.12

S4 Transportation
optimization 16,720.77 440.1 91.92 0.55

S5 Integrated
optimization 15,514.70 408.3 1297.99 7.72

The emission reduction effects are compared in Figure 9. With the combined imple‑
mentation of S1–S4, total carbon emissions under scenario S5 decreased to 15,514.70 tCO2e,
while the carbon emission intensity per unit floor area declined to 408.3 kgCO2e/m2. Com‑
pared with the baseline scenario, this represents a reduction of 1297.99 tCO2e and an over‑
all emission reduction rate of 7.72%. Among the individual scenarios, reinforcing steel
optimization made the largest contribution to emission reduction, whereas transportation
optimization had a relatively limited effect on total building carbon emissions.

Figure 9. A1–A5 carbon emissions and emission reduction effects under different low‑carbon opti‑
mization scenarios.

Overall, the emission reduction scenario results confirmed the optimization priorities
identified through hotspot identification and sensitivity analysis. Optimizing the parame‑
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ters of high‑contribution materials produced more substantial reductions in overall carbon
emissions. By contrast, because the transportation stage accounted for only a small propor‑
tion of total emissions, optimizing this stage alone had a relatively limited effect on total
carbon emissions.

To clarify the relationships among multi‑level carbon emission hotspot identification,
key parameter analysis, and low‑carbon scenario evaluation, Figure 10 provides an inte‑
grated overview of the main analytical procedures and findings of this study. It highlights
the logical progression from identifying emission hotspots to selecting emission reduction
measures and evaluating their potential emission reduction effects.

Figure 10. Integrated carbon emission analysis workflow and results.

4. Discussion
4.1. Multi‑Level Carbon Emission Hotspots and Their Formation Mechanisms

This study identified carbon emission hotspots in the upfront stages of the teaching
building at three levels: stage, material, and component. The results showed a pronounced
concentration of emissions across all three levels: at the stage level, emissions were pre‑
dominantly concentrated in the A1–A3 building material production stage; at the material
level, they were mainly associated with C35 concrete, reinforcing steel, and autoclaved
aerated concrete blocks; and at the component level, the major hotspots were reinforcing
steel, infill walls, and floor slabs. Overall, the multi‑level analysis identified clear priority
stages, materials, and components for upfront carbon emission control, providing a basis
for subsequent sensitivity analysis and the selection of low‑carbon optimization targets.

From the perspective of hotspot formation, upfront carbon emissions are not deter‑
mined by the characteristics of any single material, but rather by the combined effects of
material quantities and unit carbon emission factors. In this case study, modules A1–A3
accounted for 94.4% of total A1–A5 emissions, while C35 concrete, reinforcing steel, and
autoclaved aerated concrete blocks collectively contributed approximately 88.1%. Among
these materials, concrete was used in large quantities, reinforcing steel had a relatively high
carbon emission factor per unit mass, and autoclaved aerated concrete blocks accounted
for a substantial amount of envelope work. Together, these three materials therefore consti‑
tuted the principal emission hotspots. For reinforced‑concrete public buildings with sim‑
ilar material systems, emission reduction efforts should prioritize the building material
production stage and high‑contribution materials rather than focusing solely on energy
consumption at the construction site.
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The integrated analysis across the stage, material, and component levels reveals how
carbon emission sources are translated into physical building elements. High‑contribution
materials identified at the material level can be mapped, through BIM components, to spe‑
cific building elements such as floor slabs and infill walls. In particular, the large volume of
concrete used in floor slabs and the extensive use of masonry blocks in infill walls are ma‑
jor factors contributing to component‑level hotspots. This indicates that building carbon
emission hotspots are influenced not only by the emission characteristics of the materials
themselves, but also by the scale of their use and their spatial distribution among different
components. Compared with total‑emission accounting or material ranking alone, multi‑
level hotspot identification can further trace overall emission contributions to specific phys‑
ical objects that can be addressed through design, procurement, and construction control,
thereby providing a clearer basis for subsequent material substitution, component opti‑
mization, and procurement management.

Comparison with relevant guidelines and educational building case studies showed
that the main structural quantities and structural‑system carbon emission intensity in this
study were of a comparable order of magnitude, indicating that the case‑study account‑
ing results were reasonable at the engineering scale. After masonry blocks, exterior win‑
dows, and roofing materials were included, the A1–A3 carbon emission intensity increased
markedly, indicating that building envelope materials may also constitute a non‑negligible
source of embodied carbon. For public buildings with substantial use of envelope ma‑
terials, focusing only on primary structural materials such as concrete and reinforcing
steel may underestimate the overall emission reduction requirements of the building ma‑
terial production stage. Therefore, structural and envelope materials should be consid‑
ered in an integrated manner when controlling upfront carbon emissions rather than being
treated separately.

4.2. Key Parameter Effects and Implications for Low‑Carbon Emission Reduction

The key parameters considered in this study mainly included reinforcing steel content,
carbon emission factors of major building materials, material transportation distances, and
construction electricity and diesel consumption intensities. Variations in these parameters
jointly affected the A1–A5 carbon emission accounting results and the effectiveness of low‑
carbon optimization.

Sensitivity analysis showed that reinforcing steel content, the carbon emission factors
of major building materials, and construction electricity consumption intensity were im‑
portant parameters affecting total A1–A5 carbon emissions, with material‑related parame‑
ters exerting a more pronounced influence. This indicates that high‑contribution materials
not only determine the baseline emission level but also represent major sources of variation
in the accounting results. In addition, although module A5 accounted for a relatively small
proportion of total emissions, construction electricity consumption intensity still exhibited
relatively high sensitivity. This suggests that the importance of a parameter should not be
assessed solely on the basis of the emission share of the corresponding stage, but should
also consider its range of variation and degree of uncertainty.

Monte Carlo simulation showed that when multiple parameters varied simultane‑
ously, total carbon emissions remained concentrated around the baseline accounting re‑
sult, while the ranking of the major material hotspots showed no substantial change. This
indicates that, within the specified parameter ranges, the identification of key emission
sources remained relatively stable. Reinforcing steel quantity, the carbon emission factors
of major materials, and construction energy parameters remained the principal sources of
uncertainty in total emissions. Because the reinforcing steel quantity, A4 transportation
distance, and A5 construction energy parameters all involved estimated values, future en‑
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gineering applications should prioritize improving the data quality of these parameters
through design quantity schedules, procurement records, and on‑site energy consump‑
tion records.

The low‑carbon scenario analysis further demonstrated a clear relationship between
emission reduction effects and the contribution levels of identified hotspots. Targeted op‑
timization of high‑contribution sources, such as reinforcing steel, concrete, and building
envelope materials, achieved greater overall emission reductions than individual adjust‑
ments to the transportation stage. Under the integrated scenario, total A1–A5 carbon emis‑
sions were reduced by 7.72%. Therefore, similar buildings may benefit from an emission
reduction pathway based on “hotspot identification–prioritization–integrated optimiza‑
tion.” It should be noted that the comprehensive optimization scenario does not explicitly
account for potential interactions among different measures. In addition, material substi‑
tutions and adjustments to concrete grades must satisfy practical constraints, including
structural safety, material availability, and project costs. Therefore, the scenario results
primarily represent the potential emission reduction effects under the specified assump‑
tions and conditions, rather than an optimized engineering solution that can be directly
implemented in practice.

4.3. Research Limitations and Applicability

This study is subject to several limitations related to data availability and parameter as‑
sumptions. The BIM model did not include explicit reinforcing steel entities; therefore, the
reinforcing steel quantity was estimated based on the steel content per unit floor area. The
A4 transportation distance and A5 construction energy parameters also relied partly on em‑
pirical assumptions. Although sensitivity analysis and Monte Carlo simulation were used
to quantify the effects of variations in these parameters, they cannot substitute for mea‑
sured data or project‑specific records. Therefore, the emission levels for stages A4 and A5,
together with their relative contributions, should be interpreted as results obtained within
the parameter ranges defined in this study. If more complete reinforcing steel schedules,
material transportation records, and on‑site energy consumption data become available,
the uncertainty associated with empirical parameters could be reduced, and the accuracy
of carbon emission accounting could be improved. In addition, the system boundary of this
study covers only stages A1–A5 and does not include the building operation and mainte‑
nance stage, end‑of‑life processes, or benefits and loads beyond the system boundary. In
future research, when data on building operation, maintenance, component replacement,
demolition, and recycling become available, the assessment can be extended to cover car‑
bon emissions across the entire building life cycle.

Due to limitations in the available data, some materials were excluded from the A1–A3
baseline calculation because corresponding production‑stage carbon emission factors or in‑
dependently quantified material quantities were unavailable. For materials without ded‑
icated emission factors, such as glass curtain walls, proxy factors from similar materials
were adopted. BIM–LCA studies commonly face data‑related challenges involving emis‑
sion factor matching and the completeness of material inventories [33]. Therefore, the re‑
sults of this study represent the carbon emission level under the defined system boundary
and the available material inventory, rather than the complete carbon footprint of all build‑
ing materials. Materials excluded from the calculations may lead to an underestimation of
total carbon emissions, with the magnitude of this underestimation depending on the types
and quantities of omitted materials and their corresponding emission factors. The sensitiv‑
ity analysis and Monte Carlo simulations conducted in this study primarily focus on the
key parameters included in the carbon emission accounting and therefore cannot quantify
the potential bias arising from the omission of certain materials. Future research could im‑
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prove the regional applicability and matching accuracy of material emission factors by in‑
corporating Environmental Product Declarations (EPDs), regional material databases, and
measured data from project suppliers. The material scope, emission factor sources, and
corresponding treatment procedures adopted in this study are provided in Appendix A.

From the perspective of methodological applicability, this study uses a single uni‑
versity teaching building with a reinforced concrete frame as a case study. The specific
carbon emission values and hotspot rankings reflect the emission characteristics of this
building under its particular material composition and construction conditions. The an‑
alytical workflow developed in this study is more suitable for individual teaching build‑
ings with available BIM models or relatively complete bills of quantities, and is particu‑
larly applicable to reinforced concrete frame buildings with similar structural forms and
material systems. For other building types, the analytical pathway of “quantity takeoff–
emission factor matching–multi‑level hotspot identification–uncertainty analysis–scenario
optimization” can be retained, while the input parameters can be adjusted according to lo‑
cal material production conditions, transportation distances, electricity emission factors,
and construction energy use. The methodological value of this study therefore lies primar‑
ily in the reusability of its analytical framework and decision‑making logic rather than in
the specific carbon emission values obtained for the case‑study building.

At the engineering application level, this analytical workflow can also be integrated
into the design, procurement, and construction management processes. During the de‑
sign stage, alternative materials and construction schemes can be compared based on
component‑level hotspots. During the procurement stage, low‑carbon procurement re‑
quirements can be established for high‑contribution materials such as reinforcing steel,
concrete, masonry blocks, and building envelope materials. During the construction stage,
actual transportation and energy consumption data can be used to continuously update
the A4–A5 accounting results. By further linking BIM‑derived quantities with material en‑
vironmental information, procurement records, and on‑site energy data, one‑time carbon
emission accounting can gradually evolve into carbon management based on continuously
updated project data, thereby enhancing the practical value of the proposed method for en‑
gineering decision‑making.

5. Conclusions and Policy Implications
5.1. Conclusions

Based on BIM‑derived quantity data, this study established an A1–A5 carbon emis‑
sion accounting framework for a university teaching building, identified emission hotspots
at the stage, material, and component levels, and comprehensively analyzed the key in‑
fluencing factors and emission reduction potential through sensitivity analysis, Monte
Carlo uncertainty analysis, and low‑carbon scenario assessment. The main conclusions
are as follows:

1. Upfront carbon emissions were strongly concentrated in the building material pro‑
duction stage. For teaching buildings dominated by reinforced‑concrete structures
and masonry envelopes, the combined effects of material quantities and unit carbon
emission factors make building material production the principal source of emissions.
In this case study, modules A1–A3 accounted for 94.40% of total upfront carbon emis‑
sions. Concrete, reinforcing steel, and autoclaved aerated concrete blocks constituted
the major material hotspots, indicating that emission reduction efforts for such build‑
ings should not be limited to controlling on‑site energy consumption during construc‑
tion, but should also emphasize material selection and design optimization at the de‑
sign stage.
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2. Multi‑level analysis across the stage, material, and component levels can improve
the hierarchy and specificity of carbon emission hotspot identification. Stage‑level
analysis identifies the major emission stages, material‑level analysis determines high‑
contribution building materials, and component‑level analysis further locates mate‑
rial hotspots within specific building elements such as floor slabs and infill walls.
Compared with total‑emission accounting or material ranking alone, this approach
establishes a clearer correspondence between carbon emission sources and building
design objects, thereby providing more specific targets for material substitution, com‑
ponent optimization, and procurement control.

3. Parameters associated with high‑contribution materials were also major sources of un‑
certainty in carbon emission accounting. Reinforcing steel content, the carbon emis‑
sion factors of major building materials, and construction electricity consumption
intensity showed relatively high sensitivity to total carbon emissions. Monte Carlo
simulation indicated that, within the specified parameter ranges, the distribution of
total emissions remained relatively concentrated and the ranking of the major ma‑
terial hotspots showed no substantial change, suggesting that hotspot prioritization
was relatively stable. At the same time, key parameters such as reinforcing steel quan‑
tity, material carbon emission factors, and construction energy consumption should
be prioritized in future efforts to improve data quality.

4. Hotspot‑based targeted optimization provides a more focused approach than uni‑
formly allocating emission reduction measures. The scenario analysis confirmed
the rationale for prioritizing optimization measures according to carbon emission
hotspots and showed that the coordinated implementation of multiple emission re‑
duction measures can improve the overall effectiveness of carbon emission reduction.
In this case study, low‑carbon reinforcing steel and building envelope material op‑
timization produced relatively substantial emission reductions, while the integrated
scenario reduced total A1–A5 carbon emissions by 7.72%. Therefore, similar build‑
ings should adopt an emission reduction pathway based on “hotspot identification–
prioritization–integrated optimization,” with priority given to high‑contribution ma‑
terials and key components while satisfying requirements for structural safety, mate‑
rial performance, and engineering feasibility.

5. This study extends the application of BIM–LCA from carbon emission accounting to
multi‑level hotspot identification, uncertainty analysis, and low‑carbon optimization
assessment. Compared with studies focusing primarily on total‑emission accounting,
single‑material analysis, or individual optimization measures, this study integrates
BIM‑derived quantities, stage–material–component hotspot identification, sensitiv‑
ity and Monte Carlo uncertainty analyses, and emission reduction scenario assess‑
ment within a unified analytical workflow, forming an “accounting–identification–
assessment–optimization” research chain. This approach not only quantifies upfront
carbon emissions but also identifies priority targets for emission reduction and key
uncertain parameters, thereby providing a methodological reference for low‑carbon
decision‑making during the design, material selection, and construction stages of sim‑
ilar public buildings.

5.2. Policy Implications

Based on the above findings, low‑carbon management of teaching buildings and sim‑
ilar public buildings should gradually shift from isolated control of construction‑stage en‑
ergy consumption toward coordinated management across the design, material procure‑
ment, and construction processes. During the design stage, BIM models can be used to es‑
tablish a “component–material–emission factor” mapping relationship, allowing carbon
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emission assessment to be incorporated into material selection and construction scheme
comparison, with priority given to high‑contribution materials and key components. For
major emission sources such as reinforcing steel, concrete, masonry blocks, and build‑
ing envelope materials, the carbon emission differences associated with different material
sources, production processes, and substitution options can be compared, provided that
structural safety and building performance requirements are satisfied.

During the procurement stage, material carbon emission indicators can be progres‑
sively incorporated into supplier evaluation and procurement decision‑making systems,
while the use of building materials with Environmental Product Declarations (EPDs) or
traceable carbon emission data should be encouraged. Compared with procurement de‑
cisions based solely on material cost and engineering performance, incorporating carbon
emission indicators into material procurement assessment can enable emission reduction
requirements to be implemented earlier in the material supply and procurement process.
For high‑contribution materials, priority should be given to establishing material carbon
emission databases and dynamic updating mechanisms to provide a consistent data basis
for comparing alternative solutions across different projects.

During the construction and project data management stages, process data on mate‑
rial transportation, construction electricity consumption, and fuel use should be system‑
atically recorded and archived. Actual transportation distances and on‑site energy con‑
sumption data should be progressively adopted to improve the accuracy of A4–A5 account‑
ing parameters. By linking BIM‑derived quantity data with procurement, transportation,
and on‑site energy records, the traceability of A4–A5 carbon emission accounting can be
enhanced, while also providing a data basis for dynamic adjustment of carbon emission
estimates during project implementation. For public buildings with similar material sys‑
tems and construction methods, a carbon emission data management mechanism covering
the design, procurement, and construction stages can be established accordingly, enabling
building carbon emission assessment to extend from result‑based accounting to design‑
stage scheme comparison and dynamic management during construction.
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Appendix A
Appendix A.1. Monte Carlo Simulation and Probability Distribution

To evaluate the effects of input parameter variations on the A1–A5 carbon emission ac‑
counting results, key material, transportation, and construction energy parameters were se‑
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lected for Monte Carlo uncertainty analysis based on the sensitivity analysis results. All pa‑
rameters were assumed to be mutually independent and to follow triangular distributions:

Xi∼Tri(ai,mi,bi) (A1)

In the formula, Xi represents the i‑th uncertain parameter, while ai, mi, and bi denote
the lower bound, mode, and upper bound of that parameter, respectively.

Monte Carlo simulation was performed using Python 3.12‑based random sampling
with 5000 iterations and a random seed of 20260825 to ensure reproducibility. The specific
distribution ranges and parameter settings are presented in Table A1.

Appendix A.2. Input Parameters for Monte Carlo Simulation

Table A1. Input parameters and distribution settings for Monte Carlo simulation.

Parameter Lower
Bound Mode Upper

Bound Unit Module

Reinforcing steel content 50 55 60 kg/m2 A1–A3

Carbon emission factor of C35
concrete 295 301.5 321 kgCO2e/m3 A1–A3

Carbon emission factor of
autoclaved aerated concrete

blocks
294.3 327 359.7 kgCO2e/m3 A1–A3

Carbon emission factor of
exterior windows and curtain

walls
194 224 254 kgCO2e/m2 A1–A3

Concrete transportation distance 10 20 40 km A4

Reinforcing steel transportation
distance 100 150 300 km A4

Autoclaved aerated concrete
block transportation distance 50 100 200 km A4

Concrete wall transportation
distance 10 30 40 km A4

Insulation and waterproofing
material transportation distance 100 200 400 km A4

Exterior window and curtain
wall transportation distance 200 300 500 km A4

Door transportation distance 100 200 400 km A4

Mortar transportation distance 20 50 80 km A4

Construction electricity
consumption intensity 20 30 40 kWh/m2 A5

Diesel consumption intensity 0.5 1.0 1.5 L/m2 A5

https://doi.org/10.3390/buildings16214244

https://doi.org/10.3390/buildings16214244


Buildings 2026, 16, 4244 24 of 26

Appendix A.3. Sources and Treatment of Material Carbon Emission Factors

Table A2. Sources and treatment methods of carbon emission factors for major materials.

Material Source of Carbon Emission Factor Treatment Method

C35 concrete GB/T 51366—2019 and related
material data

Linear interpolation based on the
carbon emission factors of C30 and

C50 concrete

HRB400 reinforcing steel GB/T 51366—2019 Standard carbon emission factor
directly adopted

Autoclaved aerated concrete blocks
GB/T 51366—2019/Guidelines for
Carbon Emission Calculation of

Civil Buildings in Jiangsu Province

Carbon emission factor
corresponding to the relevant

density grade adopted

XPS insulation board Relevant material database Calculated after converting volume
to mass using material density

SBS waterproofing membrane Relevant material database Calculated based on material
consumption per unit area

Exterior windows and curtain walls Published research data
Carbon emission factor of thermally
broken aluminum‑framed windows

adopted as a proxy

Doors —
Excluded from the baseline

calculation because no matching
carbon emission factor was available

Appendix A.4. Carbon Emission Factor Estimation and Conversion

For materials without directly matched carbon emission data, corresponding adjust‑
ments were made based on material grade, unit of measurement, and engineering appli‑
cation. The carbon emission factor of C35 concrete was determined by linear interpolation
between the values for C30 and C50 concrete:

EFC35 = EFC30 +
35 − 30
50 − 30

(EFC50 − EFC30) (A2)

In the formula, EFC35 represents the carbon emission factor of C35 concrete, while
EFC30 and EFC50 denote the carbon emission factors of C30 and C50 concrete, respectively.
The calculated carbon emission factor of C35 concrete was 301.50 kgCO2e/m3.

The carbon emission factor of XPS insulation boards was expressed on a mass basis,
whereas the BIM‑derived quantity was measured by volume; therefore, the volume was
converted to mass using the material density before calculation. Because a production‑
stage carbon emission factor that exactly matched the glass curtain wall system used in
this project was unavailable, the carbon emission factor of thermally broken aluminum‑
framed windows was adopted as a proxy for the curtain wall, and this parameter was
included in the Monte Carlo uncertainty analysis.
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