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Abstract

Aligned with China’s “Dual Carbon” goals, this study addresses carbon emissions in the
building sector. Existing research predominantly focuses on single-stage carbon emission
assessment or separately examines the benefits of BIM applications and photovoltaic (PV)
technology. There is a notable lack of studies that deeply integrate the BIM platform with
dynamic assessment of building life cycle carbon emissions and PV carbon reduction
strategies, particularly under the specific context of the hot-summer/cold-winter climate in
Central China and a regional grid primarily reliant on thermal power. Moreover, localized
and in-depth analyses targeting residential buildings in this region remain scarce. To
address this gap, this study takes a residential building in Central China as a case study
and establishes a BIM-based life cycle carbon emission assessment model to systematically
quantify the carbon footprint across all stages. Results show total life cycle carbon emis-
sions of 12600 tCO,, with embodied carbon (4590 tCO,, 36.6%) and the operational phase
identified as the main emission sources. Through PV system integration and multi-scenario
simulations, the study demonstrates significant carbon reduction potential: systems with
40-80 kW capacity can achieve annual carbon reductions ranging from 26 to 52 tCO,. The
60 kW system shows the optimal balance with an annual reduction of 38.7 tCO; and a
payback period of 3.53 years. The primary novelty of this work lies in its development of a
dynamic BIM-LCA framework that enables real-time carbon footprint tracking, and the
establishment of a first-of-its-kind quantitative model for PV strategy optimization under
the specific climatic and grid conditions of Central China, providing a replicable pathway
for region-specific decarbonization.

Keywords: dynamic assessment; carbon reduction strategy; sensitivity analysis; central
China; residential building

1. Introduction

Global climate change poses a significant challenge to the world today, and the build-
ing sector—as one of the major sources of energy consumption and carbon emissions—plays
a critical role in achieving global climate targets due to its substantial potential for emission
reduction. According to the latest 2025 report from the International Energy Agency (IEA),
the building sector accounts for as much as 34% of global energy consumption and energy-
related CO, emissions and contributes to 50% of global material extraction [1]. In China,
this situation is particularly acute. According to the China Building Energy Consumption
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and Carbon Emissions Research Report (2024) [2], The total carbon emissions from the
entire building process in China—including building material production, construction,
and building operation—account for approximately 51.2% of the nation’s total carbon
emissions. Promoting the transition to low-carbon practices in the building sector is of
decisive importance for achieving China’s national strategic goals of reaching carbon peak
by 2030 and carbon neutrality by 2060.

In recent years, governments at all levels in China have introduced multiple policies
to promote green and low-carbon development in the building sector. For example, Hubei
Province [3] has also set similar targets, emphasizing that by 2025, green buildings should
account for 100% of new urban civil buildings, while prefabricated buildings [4] should
make up more than 30% of new construction area. These policies not only reflect the
government’s commitment to reducing carbon emissions in construction but also provide
strong policy support for the assessment of carbon emissions throughout the building life
cycle and the application of renewable energy.

However, traditional building carbon emission assessment methods [5] often focus
on a single stage (such as operational energy consumption or building material pro-
duction), lacking a systematic consideration of the entire “cradle-to-grave” life cycle of
buildings—i.e., from material production and construction through operation and final
demolition and disposal. This fragmented approach fails to accurately capture the true
carbon footprint of buildings and is unable to provide a reliable basis for decision-making
regarding the most effective carbon reduction interventions.

The development of BIM technology [6] offers a powerful tool to address the chal-
lenges mentioned above. As an information-rich parametric model, BIM enables the
integration of comprehensive data—including architectural geometry, materials, structures,
and equipment—thereby making precise, visualized carbon emission calculation and analy-
sis feasible. By integrating BIM with LCA methodology [7], it becomes possible to conduct
dynamic and multi-scenario carbon emission simulations and comparisons from the early
design stages throughout the entire project lifecycle, thereby guiding decision-making
toward lower-carbon alternatives.

Among various carbon reduction strategies for buildings, photovoltaic (PV) sys-
tems [8], which generate clean electricity from solar energy, serve as one of the most
direct and effective technological pathways to reduce carbon emissions during the opera-
tional phase of buildings. China’s PV industry holds a globally leading position, providing
a solid foundation for large-scale application. Recent engineering practices demonstrate
that innovative applications such as building-integrated photovoltaics [9] (BIPV, PV-GR)
and photovoltaic-integrated energy storage, direct current, and flexible systems can sig-
nificantly enhance a building’s energy self-sufficiency and carbon reduction performance.
However, the assessment of the carbon reduction benefits of PV systems must also be
conducted within a full life-cycle framework—that is, by balancing the “embodied carbon”
from their production, transportation, and installation against the “operational carbon”
offset by the electricity generated during operation, in order to determine their true net
carbon reduction [10].

Currently, although existing studies have separately investigated the application of
BIM in carbon emission management and the benefits of photovoltaic technology [11],
research that employs BIM as a core platform to seamlessly integrate building life-cycle
carbon assessment with dynamic analysis of PV-based carbon reduction strategies remains
relatively underdeveloped. This is particularly true under the specific climatic context of hot
summers and cold winters in Central China, combined with a regional electricity grid heav-
ily dependent on fossil fuels—conditions under which the carbon reduction performance
of such integrated approaches requires more localized and precise quantification.
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This study is therefore designed to address these identified research gaps through
two principal innovations that distinguish it from the current state of the art:

1. A dynamic, closed-loop BIM-LCA data workflow. Unlike traditional static or seg-
mented assessments, our framework leverages the seamless integration of multiple
software platforms (e.g., Glodon GT] 2025, PKPM-CES20250530) to establish a co-
herent digital thread from BIM-based design and quantity takeoff directly to carbon
accounting. This integration enables dynamic, real-time carbon footprint updates
and multi-scenario comparisons during the design phase, effectively overcoming the
critical issue of data fragmentation.

2. A context-aware PV strategy optimization model for targeted regional application.
We move beyond generic PV benefit analysis by developing a quantitative model that
explicitly incorporates the defining regional constraints of Central China—namely the
hot-summer/cold-winter climate and a grid heavily reliant on thermal power. This
model not only evaluates the carbon reduction potential but also performs a holistic
life-cycle economic analysis, incorporating sensitivity analyses on key parameters
(e.g., module degradation, self-consumption rate). The outcome is a set of practical,
scalable implementation pathways (40-80 kW systems) with clear carbon-economic
trade-offs, providing a previously lacking decision-making framework for achieving
cost-effective decarbonization in this specific context.

2. Literature Review
2.1. Development and Application of BIM in the Construction Field

BIM constitutes a suite of information technologies [12]. The term itself dates back to
1992 and embodies the concept of creating an intelligent virtual model that systematically
supports the entire asset life cycle, spanning design, construction, operation, and mainte-
nance. This process is enabled by cloud-based shared digital platforms that standardize data
exchange, facilitating multi-party collaboration through unified data formats. The resulting
integrated data management system is known as the “Common Data Environment” (CDE).

A key advantage of BIM lies in its capacity to leverage computer-based pre-
construction simulation, which provides guidance for actual construction operations. It
also offers lightweight modeling tools that assist designers in rapidly developing physical
engineering models and generating model-based animation simulations of the construction
process. As such, BIM [13] represents the integrated application of a series of technologi-
cal solutions aimed at enhancing cross-organizational and interdisciplinary collaboration
within the construction industry, thereby improving productivity and quality across archi-
tectural design, construction, and maintenance.

In recent years, with the advancement of BIM technology, its integrated application
with other new digital tools—such as the Internet of Things (IoT), big data, and artificial
intelligence (AI)—has demonstrated significant advantages. Compared to conventional
methods, these integrated approaches greatly optimize resource allocation and enhance
efficiency throughout the entire building life cycle. Each of these technological integrations
contributes distinctly to reducing carbon emissions across the building’s lifespan.

Y Jia [14] indicates that the integration of BIM and IoT technologies serves as a driving
force for the digital transformation of the construction industry, with analysis showing a
steady annual increase in the research literature in this field. Peiming Qiao [15] discusses
specific applications of BIM technology across various stages of the construction process,
including model integration, design optimization, construction schedule control, site nav-
igation and walkthroughs, as well as on-site management in smart construction. These
applications not only improve the precision of construction activities but also enhance the
intellectualization of project management. Wei Cui [16] and colleagues integrated real-time
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dynamic data from environmental monitoring sensors with building information models
to simulate, monitor, and manage environmental changes on construction sites. In addition,
the combined use with IoT technology helps leverage the strengths of both approaches,
offering a more efficient and intelligent management platform for engineering projects.

Liang Zhao et al. [17] point out that although BIM technology has been widely adopted
in numerous projects, its application in energy-efficient retrofitting of existing buildings
often faces challenges due to difficulties in acquiring relevant data. By utilizing a scan-to-
BIM approach, which involves creating a BIM model through approximate and boundary
matching with point cloud data within modeling tools, the completeness and accuracy of
data acquisition can be significantly improved.

While the integration of new technologies such as the Internet of Things (IoT), big data,
and artificial intelligence (AI) with BIM is gradually becoming a key driver of innovation
in the construction industry, most current studies have only demonstrated the utility of
BIM for specific purposes or processes, overlooking the importance of enhancing BIM's
intelligence throughout entire projects. Moreover, the inherently fragmented nature of the
construction industry itself constitutes another critical barrier hindering the widespread
adoption of intelligent technologies in the field [18].

2.2. Life Cycle Carbon Emissions of Buildings

Most studies categorize the calculation of life cycle carbon emissions from buildings
into distinct phases: embodied carbon, construction, operation, and demolition. Based on
the theory of building life cycle, researchers have developed various methods to construct
carbon emission calculation models for conducting comprehensive assessments of carbon
footprints over the entire lifespan of buildings.

Yubing Zhang [19] proposed a BIM-based methodology to integrate life cycle car-
bon emissions with life cycle cost, aiming to assess the carbon emission intensity (CEI)
of buildings. Using a case study of a public building in China, the feasibility of this ap-
proach was validated. Through CEI analysis, key stages contributing to carbon emissions
were identified, and strategies for transitioning from high-carbon to low-carbon materials
were explored.

Farah Adilah Binti Jamaludin [20] employed a LCA approach to calculate the carbon
emissions of buildings by integrating relevant indicators, conducting a comprehensive
multi-dimensional evaluation of the low-carbon performance of green buildings. The
research conducted quantitative analysis across five stages of the building construction
process and five evaluation dimensions, establishing a conceptual model for low-carbon
assessment of green buildings. Gray relational analysis and the analytic hierarchy process
(AHP) were applied to rank and evaluate the projects.

Feifei CHEN [21] proposed a method for calculating and evaluating building thermal
energy consumption and carbon emissions. The study first emphasized the important value
and application potential of BIM technology in the energy consumption evaluation of green
buildings. Taking a stadium as an example, a carbon emission accounting system for the
building construction and installation processes was established based on BIM technology,
through which the carbon emissions during these phases were calculated and analyzed.
Yong Yang [22] developed a rapid calculation and analysis system for bridge carbon
emissions based on BIM and LCA. This system, centered around a bridge information
model, integrates data on material consumption, mechanical equipment, transportation,
and energy use to compute carbon emissions at each stage of the bridge’s life cycle.

Due to differences in the selected research objects, objectives, methodologies, and plat-
forms, studies on building carbon emissions vary in their focus. Some research [23,24] con-
centrates on building materials and construction methods. For instance, Jiawei Zhang [25]
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proposed a metamaterial-inspired controllable steel structure, which integrates period-
ically arranged local resonance substructures within the main system, overcoming the
traditional limitation of requiring extensive additional mass for effective local resonance.
Xiaojuan Li [26], targeting the embodied stage of precast concrete composite panel (PCC)
projects, integrated LCA, BIM, and Geographic Information System (GIS) technologies
to develop a carbon footprint accounting model covering the production, transportation,
and installation stages, enabling a quantitative analysis of carbon emission distribution.
Case studies revealed a significant negative correlation between the prefabrication rate and
carbon emissions per unit area and cost, indicating that increased application of PCC can
reduce the carbon footprint by decreasing material consumption.

Other studies [27,28] focus primarily on reducing operational energy consumption
in buildings to achieve carbon emission reduction. For example, Mahmoud Ouria [29]
optimized residential building design by incorporating phase change materials (PCMs)
and high-efficiency HVAC systems, aiming to control thermal discomfort to below 1%,
achieve negative carbon emissions, and reduce costs. Most significantly, Yang et al., (2025)
developed a comprehensive spatial LCA framework that systematically integrates GIS,
BIM, and LCA methodologies for urban-scale building assessment [30]. This framework,
compliant with ISO 14040/14044 standards [31,32], demonstrates that Urban Net Zero
Energy Building strategies can achieve 40% reduction in life-cycle carbon emissions. The
research highlights the importance of identifying impact hotspots (e.g., low-rise apart-
ments) and addresses burden-shifting across life-cycle phases. This macro-level urban
assessment approach complements our focused study on residential buildings in Central
China, together advancing BIM-LCA applications in building carbon management.

Recent methodological advances show the growing sophistication of LCA applications.
Payandeh et al., (2025) combined LCA with Data Envelopment Analysis to optimize envi-
ronmental efficiency in production systems, demonstrating how operational benchmarks
can guide environmental improvements [33]. This approach offers valuable insights for
optimizing building operational carbon management. Furthermore, Aruta et al., (2025)
developed a multi-objective optimization framework that balances private economic in-
terests with public policy goals in building energy retrofit [34]. Their methodology, which
identifies optimal trade-offs between cost savings and energy benefits, provides important
implications for designing effective incentive policies to promote PV integration in building
retrofit projects.

Regarding photovoltaic carbon accounting, Guo et al., established a comprehensive
carbon emission model for China’s PV supply chain, demonstrating significant emission re-
duction potential [35]. Yu et al., conducted a comprehensive energy-economy-environment
evaluation of BIPV across Chinese climate zones, revealing that combined rooftop and
facade systems can reduce urban CO, emissions by 35.50% [36]. From an international
perspective with relevant climatic conditions, Lodhi et al. proposed a novel framework
combining deep learning and atmospheric modeling for urban PV assessment in Lahore,
Pakistan, demonstrating substantial carbon reduction potential [37]. Buyak et al., evaluated
low-carbon regeneration strategies in Eastern Europe, emphasizing the synergistic role of
PV systems in building modernization [38].

In summary, although current research on life-cycle carbon emission assessment in
buildings has established fundamental methodologies, significant limitations remain: most
assessment models fail to deeply integrate dynamic building information flows, resulting
in fragmented data and insufficient accuracy. At the same time, quantitative analysis of
the benefits of renewable energy carbon reduction strategies—such as photovoltaic (PV)
systems—particularly in the context of regionally optimized applications for residential
buildings, remains relatively underdeveloped. BIM technology, with its capability for digi-
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tal integration and simulation across the entire process of planning, design, construction,
and operation, provides core support to overcome these challenges. Therefore, this study
focuses on residential buildings in Central China and innovatively develops a BIM-based
life-cycle assessment framework. Specifically, BIM-enabled parametric modeling and data
linkages are utilized to achieve accurate quantification of carbon emissions throughout
stages such as embodied carbon, construction, operational energy consumption, and demo-
lition and recycling. Furthermore, PV systems are incorporated as a key carbon reduction
variable to simulate their power generation performance, carbon reduction potential, and
life-cycle economic performance under the climatic conditions of Central China. Finally,
multi-scenario analysis is conducted to propose cost-effective PV integration strategies, of-
fering empirical support and technical pathways for the low-carbon design and retrofitting
of residential architecture in the region.

3. Materials and Methods
3.1. Research Framework

This study’s assessment of building life cycle carbon emissions follows the LCA
framework established by ISO 14040 and ISO 14044, including the four fundamental
steps: goal and scope definition, inventory analysis, impact assessment, and interpretation,

ensuring the systematic, transparent, and reproducible nature of the assessment process, as
detailed in Figure 1.
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Figure 1. Research Framework Diagram.

Unlike generic BIM-LCA applications, this study establishes a region-specific quantita-
tive framework calibrated for Central China’s unique context, incorporating local climatic
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patterns, grid emission factors (0.58 kgCO,eq/kWh from the 2022 China Regional Grid
Baseline Emission Factors Report), and regional material supply chains to provide accurate
carbon assessment tailored to local conditions.

3.2. BIM Modeling and Data Output of the Case Building
3.2.1. Case Building Description

This study focuses on a newly constructed apartment building for a school in Xi-
angyang City, Hubei Province. Xiangyang is located in the northern subtropical monsoon
climate zone, characterized by distinct seasonal variations with cold winters and hot sum-
mers, making the building representative under such climatic conditions. The apartment
building adopts a reinforced concrete frame structural system, with a total floor area of
8500 m?, a base area of 1436 m?, six above-ground floors, and a building height of 18.7 m. It
is designed for a service life of 50 years. Subsequent validation and analysis of the methods
presented in this study will be conducted based on comprehensive data covering the entire
life cycle of this building.

3.2.2. Research Tools Introduction

First, Glodon BIM Civil Engineering Quantification Platform GT]J 2025 and Installation
Quantification Software GQI 2021 were employed to create civil and installation models,
with quantification rules configured and engineering quantities calculated. Second, based
on the civil and installation model files, the Glodon Cloud Costing Platform GCCP V6.0
was used to compile the bill of quantities and tender control price documents for the unit
project. Finally, summaries of engineering material and machinery consumption were
extracted and exported. By integrating the bill of quantities with quota-based pricing (via
the GCCP platform), material and machinery consumption was accurately quantified. The
seamless integration between the BIM model and quantity data helps avoid inaccuracies
inherent in traditional 2D drawing-based calculations, thereby significantly improving data
reliability. A detailed introduction to the software mentioned above is provided in Table 1.

Table 1. Software Platform Description.

Software Tool

Publisher Description

AutoCAD 2023

Glodon GTJ 2025

Glodon GQI 2021

Glodon GCCP V6.0

Provides precise tools for architecture, engineering, and construction
Autodesk professionals to design and annotate 2D and 3D models. Leverages Al for
automated drafting and supports custom toolkits to improve efficiency.
Integrates big data, BIM, and cloud technologies to deliver detailed
quantity calculation services for the cost estimation field. Supports
cloud-based collaboration and enables real-time calculation, enhancing
efficiency and cost control.

Targets all installation disciplines in civil buildings, supporting both
BIM-based and manual calculation modes. Addresses the low efficiency
and high difficulty of traditional manual quantity takeoff through
intelligent recognition and 3D visualization.

A cloud-based costing platform dedicated to providing digital
transformation solutions for construction project costing. Utilizes cloud
computing, big data, and Al technologies to significantly improve the user
experience of costing software.

Glodon

Glodon

Glodon

3.2.3. Data Integration Process

A structured multi-platform workflow was implemented to ensure effective data
interoperability from architectural design to carbon emission calculation. The process
progresses through specialized software tools, with each stage generating standardized
output formats that serve as inputs for subsequent analysis phases, as detailed in Table 2.
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Table 2. Software Data Integration Workflow.

Processing Stage Software Platform Data Format Primary Function
Drawing Creation AutoCAD DWG/DXF Base drawing development and revision
Structural Modeling Glodon GTJ 2025 GT]J Structural model creation and quantity calculation
MEP Modeling Glodon GQI 2021 GQI4 Mechanical/ electrlc.al / plumblpg modeling and
quantity calculation
Cost Estimation Glodon GCCP V6.0 GBQ6/Excel Quantity-to-cost conversion and pricing
Carbon Calculation PKPM-CES Project files Carbon emission simulation and computation

3.3. Life Cycle Carbon Accounting
3.3.1. Defining the System Boundary

The definition of the accounting boundary strictly adheres to the ISO 14044 stan-
dard, encompassing four typical stages: building material production and transportation,
construction, operation and maintenance (based on a 50-year design service life), and
demolition and recycling. This constitutes a relatively comprehensive system boundary, as
illustrated in Figure 2.

Material production and

transportation stage Consaneion gz Operation stage Demolition stage

Material sourcing

Dismantle
Transportation energy DREW HVAC

Transportation ene; consumption . . .
RO EREngy Equipment  Lighting Transportation
consumption .
- Construction-phase energy use
Manufacturing energy Maintenance Thealimnei

consumption

Building Life-Cycle Carbon Emissions

Figure 2. System Boundary for Carbon Emission Calculation.

3.3.2. Carbon Accounting Tools

PKPM-CES, developed through a collaboration between Beijing Goli Technology Co.,
Ltd. and the Institute of Building Environment and Energy (CABR), is a dedicated software
tool for calculating carbon emissions across the entire building life cycle. It supports
both detailed and estimation-based models for various building types and climate zones.
Beyond basic carbon accounting, the software enables evaluation of carbon reduction
and neutrality strategies, including renewable energy integration and green landscaping.
With applications spanning engineering consulting, design, construction, and real estate
management, it provides dynamic carbon emission tracking and supports intelligent
decision-making for carbon reduction planning.

3.3.3. Carbon Emission Calculation for Each Stage

Based on the aforementioned analysis, the calculation of carbon emissions over the
building life cycle is divided into four stages: building material production and transporta-
tion, construction, operation and maintenance, and demolition and recycling [19] The total
life cycle carbon emission is calculated as follows:

Ct :Cmc +Cc +Co +Cd (1)

where C;,c denotes the carbon emissions from the embodied carbon, C. represents the
carbon emissions generated during the construction phase, C, indicates the carbon emis-



Buildings 2025, 15, 4232

9 of 22

sions resulting from building operation and maintenance, C; refers to the carbon emissions
associated with the demolition stage.

Building Material Production and Transportation Stage

The carbon emission calculation for the building material production stage primarily
involves emissions generated during the extraction, processing, and manufacturing of
main building materials (such as steel, cement, glass, etc.). The transportation stage focuses
on calculating carbon emissions resulting from transporting these materials from their
production origins to the construction site [39]. The total carbon emissions for the entire
building material phase is calculated by

a b
Cme =Y Qmi -EFui +)_ Qui -Dy; -EF, 2)
i=1 =1

Here, Y7 _ | Qpi-EF,, ; represents the carbon emissions from the material production
stage, Q,, ; indicates the consumption of the i-th type of building material, EF,, ; denotes
the carbon emission factor for the production of that material, a represents the number of
material types; Z]b -1 Qt/th,j-EFt,j refers to the carbon emissions from material transporta-
tion, Q;; indicates the load capacity of the j-th type of transport vehicle, D; ; denotes the
transportation distance EF; j represents the carbon emission factor of the transportation
mode, b indicates the number of transportation modes.

Construction Stage

Carbon emissions during the construction stage originate from energy consumption by
construction machinery and equipment (such as cranes, excavators, etc.),as well as energy
use associated with the construction and operation of temporary facilities (site offices and
dormitories) [21]. The carbon emissions in this stage are calculated by

c d
Cc = Y FCy -EFjx + Y EC -EF, (3)
K=1 1=1

Here, 7 _, FC k*EFy x represents carbon emissions from fossil fuel consumption, FCy
denotes the consumption of the k-th type of fossil fuel, EFy  is the combustion emission
factor of the k-th fuel type, c indicates the number of fossil fuel types; 27: 1 EC;-EF, refers
to carbon emissions from electricity usage, EC; represents the electricity consumption of the
I-th type of equipment, EF, is the carbon emission factor of grid electricity, and d denotes
the number of categories of electricity-consuming equipment.

Operation Stage

Carbon emission calculation during the operation stage primarily refers to the car-
bon emissions generated by energy consumption for heating, air conditioning, light-
ing, and other operational needs over the building’s designed service life [40]. This
stage employed operational energy simulation parameters based on the Chinese stan-
dard GB 55015-2021 [41] and local building data, including: occupancy density of
0.05 persons/m? with academic schedules; equipment power density of 15 W/m?
(10 h/day); lighting power density of 6 W/m? with automatic controls; HVAC schedules
aligned with teaching periods; and domestic hot water consumption of 30 L/person/day.

The carbon emissions in this stage are calculated by

Co =30y (Xhy Eym ~EFym) (4)
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Here, E, », represents the consumption of the m-th type of energy in the y-th year, EF, ,
denotes the dynamic emission factor of the m-th energy type in the y-th year, n indicates
the designed service life of the building, and p represents the number of energy types.

Demolition Stage

The calculation of carbon emissions during the demolition stage includes carbon
emissions from energy consumption of demolition machinery, as well as carbon emissions
or reductions associated with waste transportation. It is calculated by

Ci = Edgem - EFe + Faem 'EFf +W-Dy -EFR ®)

Here, Ejep- EFe + Fyen EFy represents the carbon emissions from energy consumption
of demolition machinery, E;,,,, denotes the electricity consumption of demolition equipment,
EF. is the carbon emission factor of grid electricity, Fy,,, indicates the fuel consumption of
demolition equipment, EF ' represents the combustion emission factor of the fuel; W-D,,-EF;
refers to the carbon emissions from waste transportation, W denotes the total amount of
construction waste, Dy, indicates the average transportation distance of the waste, EF; is
the carbon emission factor of the transportation mode.

3.4. Photovoltaic System Design and Carbon Reduction Calculation
3.4.1. Scheme Design

PVsyst V7.4.0 photovoltaic simulation software was employed to simulate the power
generation performance of photovoltaic modules with different installed capacities (30 kW,
40 kW, 50 kW, 60 kW, 70 kW, and 80 kW) on the building rooftop in the target region [42].
Additionally, based on local meteorological data and electricity price information (Table 3),
detailed parameter settings were optimized during the PVsyst simulation process. For
instance, the tilt angle was adjusted to 22° to adapt to the solar irradiation conditions in
Central China [43]. The carbon reduction potential and economic benefits of photovoltaic
systems with varying installed capacities were estimated and evaluated accordingly.

Table 3. Electricity Price and Meteorological Data for Xiangyang Region.

Parameter Value for Xiangyang Region
Annual Peak Sun Hours 4.2 h/day (measured)
Average Annual Humidity 72%
Grid Carbon Factor 0.58 kgCOzeq/kWh
On-grid Electricity Price 0.35 CNY/kWh
Subsidy Policy Subsidy 0.42 CNY/kWh (Hydropower + Thermal Power)
Industrial Electricity Price 1.15 CNY/kWh (1-10 kV)

3.4.2. Carbon Reduction Accounting Process

This stage requires compiling the embodied carbon of photovoltaics (PV) based on
information provided by the PV module manufacturers [44]. The electricity generation
simulated by PVsyst software is then used to calculate the displaced grid carbon emissions,
thereby determining the net carbon reduction. The calculation is performed as follows:

Ca = Epy - EFg (6)

Here, C, represents the carbon emissions displaced from the grid by PV power gen-
eration; Ep, indicates the annual electricity generation of the PV system; EF, denotes
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the dynamic grid carbon emission factor, with values for the Central China regional grid
dynamically ranging within 0.58 £ 0.03 kgCO,eq/kWh.

ACnet - Cu - pr (7)

Here, ACy,; represents the net carbon reduction achieved by the PV system; va indi-
cates the embodied carbon of the PV system, which includes emissions from the module pro-
duction stage, logistics and transportation, installation and construction, and demolition.

3.4.3. Economic Evaluation
Economic Evaluation of the PV System
The economic assessment of the photovoltaic (PV) system can be more intuitively

perceived by quantifying its investment payback period [45]. The payback period of the
system is calculated as follows:

M:
Ty =~
pb R, 8)
Ml :Ppy 'Mun (9)
Ry =Epy -[a-Py +(1—a)-P]—pB-M; (10)

Here, Ty, represents the payback period of the PV system; M; denotes the total initial
investment cost, Py, indicates the installed capacity of the system, M, represents the unit
installed cost; R, indicates the annual net income, E ;- [aoPg +(1—a) -Pe} represents the
total annual revenue, « denotes the self-consumption rate, P, represents the feed-in tariff
including government subsidies (equal to Pr, + Ssu, where P, is the grid purchase price
and S is the government subsidy); 5- M; indicates the annual operation and maintenance
cost (taken as 1% of the total initial investment of the PV system),  represents the O&M
coefficient with a value of 1%.

3.4.4. Sensitivity Parameter Analysis

Self-Consumption Rate

The self-consumption rate, defined as the proportion of PV-generated electricity con-
sumed in real time by the building itself, serves as a core economic indicator for photovoltaic
systems. Recognizing its significant impact on both investment payback period and carbon
reduction benefits, we conducted a sensitivity analysis using three distinct rate levels
(70%, 80%, and 90%) to evaluate their effects on systems with varying installed capacities.
This parameter selection was based on the characteristic electricity load profile of the case
building—a school apartment with substantial daytime energy demand. The 90% scenario
represents an optimized case assuming implementation of an energy management system
for intelligent load scheduling aligned with PV generation patterns. The 70% and 80%
scenarios correspond to conventional operation with progressively better load matching.
This systematic variation enables comprehensive assessment of how self-consumption rates
influence economic returns across different operational conditions.

PV Module Degradation Rate

PV module degradation refers to the phenomenon where the output power of the
modules gradually decreases over time. During the PVsyst simulation, while keeping
other conditions unchanged, the annual degradation rate was set to 0.4%, 0.6%, and 0.8%,
respectively, respectively to simulate the effects of different types of PV modules. The
corresponding PV power generation output was exported, and a comparative analysis of
the results was conducted to determine the impact of different degradation rates on the
power generation performance of the PV system.
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4. Result Analysis
4.1. BIM Model and Data Output

To validate the aforementioned methodology, BIM models for the civil and installation
components, as well as a building energy consumption model, were created based on the
architectural drawings of the case project (see Figure 3). Following the BIM modeling
process, data on engineering material consumption and machinery usage were extracted
and outputted to support subsequent carbon emission calculations.

Figure 3. BIM Model of the Case Building; (a): Civil Engineering Model; (b): Energy Consumption Model.

4.2. Life Cycle Carbon Emission Accounting of the Building

The total carbon emissions over the building’s life cycle were calculated as 12,600 tCO,eq.
The carbon emissions for each stage, carbon emissions per unit area, annual carbon emis-
sions per unit area, and the proportion of emissions from each stage are presented in Table 4.

Table 4. Life Cycle Carbon Emissions.

Name Carbon Carbon Emissions Per Annual Carbon Emissions Per  Proportion of Carbon
Emissions (tCO,) Unit Area (kgCO,/m?) Unit Area (kgCO,/m?- a) Emissions
Embodied carbon 4590 574 11.47 36.58%
Construction 90.9 11.4 0.23 0.72%
Operation 7850 981 19.61 62.54%
Demolition 19 2.37 0.05 0.15%
Total 12600 1570 31.36

The data indicate that the embodied carbon and the building operation stage are

the main contributors to the total life cycle carbon emissions. These stages are also the
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primary targets for implementing carbon reduction optimization measures. When com-
pared with the public building case study by Zhang et al. [19], which reported total emis-
sions of 40,103 tCO,, the carbon emission intensity of the present case (1568 kgCO, /m?)
aligns with the typical range for reinforced concrete residential buildings in China
(1200-2000 kgCO, /m?). The distribution pattern shows expected variations: the embodied
carbon proportion (36.58% versus 7.84%) reflects the material-intensive nature of residen-
tial construction, while the lower operational carbon proportion (62.54% versus 91.27%)
indicates reduced energy demand compared to energy-intensive public facilities. This
comparative analysis validates that the results fall within reasonable ranges for similar
building types.

4.2.1. Carbon Emissions from Material Production & Transportation

Within the building’s life cycle carbon emission system, the total carbon emissions from
the embodied carbon amounted to 4590 tCO,. Analysis (Figure 4, Table 5) indicates that the
emissions predominantly originated from the material production process, contributing
4340 tCO,, accounting for 94.4% of the stage’s total, while transportation accounted for
255 tCO,, representing 5.56%.

1200 120
| 24.91% [ Production Emissions (tCO-)
1034.1 |:| Transport Emissions (tCO-)
1000 L[] 21.65% Proportion of Carbon Emissions from Material |5
Production & Transportation Phase
I 906.0 17.46%
~
110.5 <~
8 ] 800.0 L O
800 — T 9
- [88-7 Rt
= 10.51% 2
2 I 8.97% S
2 Z
£ 600 5.67% 185 g
= 3.82% =
E F 480.2 2.07% =
= ] : 137%  g.840 2
g 4045 L £
= 400 ] - s
£ 8.7 =
-9 | 7.6
258.7
200 7 173.7 15
2.7 94.7
I 2 19 L7 54.4
T v 38.4
- 0.1
. DO e e .
Concrete Bricks Insulation MaterialSteel Rebar Mortar ~ Metal Materials ~ Wood Waterproof Materialloor Tiles  Plastic Film
Figure 4. Top 10 Material Production & Transportation Carbon Emissions.
Table 5. Top 10 Material Carbon Emissions.
Insulation  Steel Metal Waterproof Floor  Plastic
Concrete Bricks . Mortar . Wood . . .
Materials Rebar Materials Materials Tiles Film
Prod.
.. o 20.88 18.44 11.07 9.32 5.96 4.00 2.18 1.25 0.89
Emission (%)
Transp.
P 34.74 0.83 1.07 3.97 0.76 0.67 0.13 3.39 0.05

Emission (%)

In the material production phase, the top 10 emission sources were responsible for
96.60% (4190 tCO,) of the emissions. Among these, concrete, bricks, and insulation materi-
als were the dominant contributors, collectively accounting for 63.2% of the total emissions
in this phase. The remaining emission sources constituted 3.40%.
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For the transportation phase, the top 10 materials contributed 87.8% (224 tCO;) of the
emissions. Concrete and brick materials were the primary sources, with their combined
emissions (110 tCO, + 88.7 tCO;,) representing 78.0% of the total transportation emissions.
The remaining sources accounted for 12.2%.

Materials with high carbon emission rankings are major contributors in each phase
due to their large consumption volumes and high carbon emission factors. To reduce carbon
emissions, the following measures can be implemented: In the production phase, adopt
low-carbon cementitious material systems for concrete (e.g., increasing the content of slag
powder and fly ash to reduce clinker usage); utilize energy-efficient kilns and waste heat
recovery technologies for brick production; and select new green insulation materials (such
as aerogel insulation felts). For the transportation phase, prioritize low-carbon modes such
as railway and waterway transport, and optimize route planning and vehicle loading rates.

4.2.2. Analysis of Operational Carbon Emissions

Analysis of energy consumption and carbon emission data from various building
operational systems (Figure 5, Table 6) shows that heating, air conditioning, and domestic
hot water collectively consumed 401,000 kWh, accounting for 68.9% of the building’s
total operational energy use. The corresponding carbon emissions reached 244 tCO,,
representing 80.5% of total operational emissions. The carbon emission intensity of heating
was 0.61 kgCO, /kWh, consistent with that of air conditioning and domestic hot water.
The lighting energy consumption was calculated following the latest Chinese building
lighting design standard GB 55015-2021, using room-specific lighting power densities that
account for natural lighting availability and usage patterns. The specific design parameters
are summarized in Table 7 below. The calculated annual lighting energy consumption
of 49,662.38 kWh falls within the expected range for LED lighting systems in residential
buildings and aligns with the standard’s requirements.
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Figure 5. Carbon Emission Analysis of Various Systems in the Operational Phase.

Table 6. Energy Consumption of Various Systems in the Operational Phase.

Region nergy Consumption (kWh) Heating Air Conditioning Lighting Equipment Domestic Hot Water Total

Central China

186,857 88,994.1 49,662.4 31,275.7 124,807.49 481,596.28
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Table 7. Lighting System Design Parameters.
Room Type Area (m?) Lighting Power Density (W/m?)
Bedrooms 5110 6.0
Bathrooms 1370 6.0
Staircases 742 2.0

The dual-peak pattern of energy demand in Central China, with year-round energy
requirements, is closely linked to the region’s cold, humid winters and hot summers. Some
studies suggest that implementing an integrated “PV + heat pump” system during the
operational phase can prioritize the use of solar power for air conditioning in summer and
utilize surplus electricity to drive heat pumps for heating in winter.

4.3. PV System Evaluation

This study proposes a PV-based carbon reduction strategy to optimize operational
phase carbon emissions and provides a detailed assessment of its carbon reduction potential
and economic benefits.

4.3.1. PV Capacity: Output & Carbon Reduction

Data analysis (Figure 6, Table 8) shows that the net carbon reduction ranges from
410 tCO; to 1090 tCO, across different installed capacities, with a range of 682 tCO,. The
data showed an increasing trend; for every 10 kW increase in capacity, the net carbon
reduction increased by an average of 137 t, reflecting a linear growth characteristic under
economies of scale.
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Figure 6. PV Carbon Reduction Data Analysis.
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Table 8. Power Generation of PV Systems with Different Installed Capacities.

Installflil“C])a pacity Embodied Carbon (t) Displaced Carbon Emissions(t) Energy PV Power Output (MWh)
30 0.0667 476 334 835
40 0.0889 639 44.8 1120
50 0.111 794 55.7 1390
60 0.133 952 66.8 1670
70 0.156 1110 77.6 1940
80 0.178 1270 89.0 2230

The net carbon reduction in an 80 kW system was 2.66 times that of a 30 kW system.
This increase was entirely due to a proportional 2.67 times growth in displaced carbon
emissions, while the net carbon reduction intensity per unit capacity remained constant
at 13.7 t/kW. This indicates that: (1) the extreme values of carbon reduction are directly
determined by the installed capacity scale; and (2) the expansion of scale does not dilute
the carbon reduction efficiency per unit capacity, confirming the scalability sustainability of
such projects.

4.3.2. Degradation Rate and PV Power Generation

The degradation rate of PV modules directly affects their power output, and the rela-
tionship between the two is shown in Figure 7. When the degradation rate increased from
0.40% to 0.60%, the power generation of each capacity system decreased by approximately
5.04-5.05%. For example, the output of the 30 kW system decreased from 835 MWh to
793 MWh, a reduction of 5.04%. When the degradation rate further increased to 0.80%,
the power generation reduction expanded to 9.68-9.72%. For instance, the 40 kW system
dropped from 1120 MWh to 1010 MWh, a decrease of 9.72%.
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Figure 7. Analysis of PV Degradation Rate and Power Generation Relationship.

Reducing the degradation rate from 0.80% back to 0.40% could recover 9.71% of power
generation, equivalent to an additional 135 MWh of electricity, shortening the investment
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payback period by approximately 1.2 years. Therefore, it is recommended to prioritize PV
modules with a degradation rate <0.5%. For systems above 50 kW, each 0.1% reduction in
the degradation rate can yield an additional ~7 MWh of electricity per 10 kW of capacity.

4.3.3. Self-Consumption Rate and Economic Projection

As shown in Table 9, the installation cost increases linearly with capacity growth
from 30 kW to 80 kW: the 30 kW system corresponds to a cost of 101,000 CNY, and each
10 kW increase adds an average of 36,000 CNY, reaching 282,000 CNY at 80 kW. This trend
indicates that the marginal installation cost remains relatively stable, consistent with the
economies of scale in industrial production.

Table 9. Economic Payback Period of PV Investment.

Installf: d Installation Cost 70% Self‘- 80% Self-- 90% Self'- Reduction (90%
Capacity 10k CNY) Consumption Consumption Consumption vs. 70%)
(kW) (Years) (Years) (Years) )

30 10.1 3.98 3.71 3.46 0.52

40 13.7 4.01 3.74 3.49 0.52

50 17.2 4.05 3.77 3.51 0.54

60 20.7 4.07 3.79 3.53 0.54

70 24.6 4.16 3.87 3.6 0.56

80 28.2 4.14 3.85 3.58 0.56

When the self-consumption rate increases from 70% to 90%, the payback period
shortens significantly for all capacity levels. Each 10-percentage-point increase in the self-
consumption rate reduces the payback period by approximately 0.54 years on average,
demonstrating that the self-use ratio is a core factor influencing investment returns.

The data provide a quantitative basis for PV investment decisions: if the user-side
electricity price is high (e.g., >0.8 CNY/kWh), efforts should be made to increase the
self-consumption rate to over 90%; if the electricity price is relatively low, a balance should
be sought between installed capacity and self-consumption rate, with a 50 kW system and
80% self-consumption generally offering optimal comprehensive benefits.

4.3.4. Strategy Analysis

Based on a comprehensive analysis of the aforementioned data and Table 10, the
following three schemes have been evaluated. The carbon reduction and economic benefits
in each scheme are based on PV modules with a degradation rate of 0.4% and a self-
consumption rate of 90%.

Table 10. Analysis Data of Three Proposed Solutions.

Indicator 40 kW System 60 kW System 80 kW System
Annual Carbon Reduction (tCO») 26.0 38.7 51.6
Carbon Reduction (%) 16.6 24.7 32.9
Payback Period (years) 3.49 3.53 3.58
Roof Space Required (m?) 180 360 480

1.  Optimal Comprehensive Benefits Scheme: 60 kW System

This capacity strikes a balance between carbon reduction efficiency and economic
performance, achieving an annual operational carbon reduction of 38.7 tCO; (24.7% reduc-
tion) with a static payback period of 3.53 years. It is suitable for installation on building
rooftops with an area of approximately 1436 m? (equivalent to the building’s base area)
and can offset 25% of the building’s annual carbon emissions. This scheme is ideal for
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public or industrial /commercial projects pursuing long-term cost-effectiveness and carbon
reduction goals.

2. Deep Decarbonization Core Scheme: 80 kW System

As the preferred option for maximizing carbon reduction, this system delivers an
annual carbon reduction of 51.6 tCO,, accounting for 32.9% of the building’s operational
carbon emissions. Over a 25-year lifecycle, it can accumulate a reduction of 1290 tCO,,
equivalent to 16.4% of the building’s operational carbon emissions. The system requires
supporting components such as a 72 kWh energy storage system (incremental investment
of 64,000 CNY) and lightweight support technology, which can reduce the embodied
carbon of materials by 18%. This capacity was determined based on the specific function of
providing short-term energy shifting for peak shaving and ensuring critical load coverage
during brief grid interruptions. For an 80 kW PV system in Central China’s climate with
average peak sun hours of 4.2 h/day, this storage capacity represents approximately 2-3 h
of operation at rated power for the critical loads, which aligns with typical design practices
for commercial-scale PV-plus-storage systems focused on energy arbitrage and power
quality management rather than long-term energy autonomy:. It is suitable for industrial
parks or large commercial complexes with clear carbon neutrality targets.

3.  Cost-Effective Adaptation Scheme: 40 kW System

Designed for partial retrofits or budget-constrained scenarios, the 40 kW system offers
a quick return on investment, with a payback period of approximately 3.49 years and
an annual carbon reduction rate of 16.6%. Its advantage lies in its adaptability to non-
continuous rooftops, such as podium structures, and its ability to achieve rapid emission
reductions through modular deployment. It is well-suited as a demonstration unit for
building energy efficiency retrofits.

5. Discussion

This study addresses the issues of fragmented dynamic information flow and insuf-
ficient data accuracy in building life-cycle carbon emission assessment by innovatively
integrating BIM-based parametric modeling with a collaborative data flow from multiple
engineering software tools, including AutoCAD, GTJ 2025, GQI 2021, GCCP V6.0, and
PKPM-CES. Several breakthroughs have been achieved:

1. A full-chain data pathway has been established connecting design, quantity takeoff,
cost estimation, and carbon accounting, eliminating dynamic information silos.

2. Based on real-time linked data, carbon emissions at each stage—building materials,
construction, operation, and demolition—have been accurately quantified.

3. The system is endowed with dynamic responsiveness, enabling immediate updates of
the carbon footprint during design changes and solution optimizations.

The research constructs a new paradigm for carbon emission assessment character-
ized by “BIM-driven, multi-software collaboration, and closed-loop data,” significantly
improving the systematicness, accuracy, and practical applicability of the evaluation.

Current promotion of building-integrated photovoltaics faces three major contradic-
tions: the challenge of balancing carbon reduction needs with economic feasibility, the
insufficient adaptation of building physical constraints to existing technical solutions, and
the conflict between short-term investment returns and long-term deep decarbonization
goals. In response, this study innovatively incorporates PV systems as dynamic carbon
reduction variables into regional building carbon neutrality pathways. Through a com-
prehensive evaluation of the “power generation performance—carbon reduction—economic
efficiency” of PV systems in Central China, a quantitative response model linking installed
PV capacity with carbon reduction efficiency and economic cost has been established for the
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first time in this region, providing a life-cycle technology integration paradigm for carbon
neutrality-oriented projects. Beyond theoretical assessment, this study develops practical
implementation pathways (40/60/80 kW systems) with detailed carbon-economic trade-
offs, providing stakeholders with quantitatively supported decision frameworks for PV
integration in Central China’s residential buildings based on specific investment capacities
and emission reduction targets.

When compared with previous studies on building-integrated PV systems, our results
demonstrate distinct advantages in carbon reduction efficiency. The consistent net carbon
reduction intensity of 13.7 tCO,/kW established in this study provides a more reliable
benchmark for the Central China region compared to the wider variability (10-15 tCO, /kW)
reported in broader national studies [8]. Furthermore, our integrated approach yields
significantly shorter payback periods (3.5-4.2 years) than the 5-7 year range reported in
earlier research 44, demonstrating the combined benefits of optimized tilt angles, regional
grid factors, and self-consumption strategies. These improvements highlight the value of
our context-specific modeling approach for enhancing both environmental and economic
outcomes in regional PV applications.

These findings support region-specific incentive programs that consider local climate
and grid conditions. For design practice, the carbon reduction intensity of 13.7 tCO, /kW
offers a reliable metric for low-carbon building planning in Central China, while the
demonstrated economic viability enhances the argument for integrating PV systems as
standard building components, given their competitive payback periods.

6. Conclusions

This study developed a BIM-based integrated framework for life-cycle carbon emission
assessment and photovoltaic (PV) carbon reduction strategy optimization, applied to a
typical residential building in Central China. The main findings and contributions are
summarized as follows:

1. A systematic and accurate approach for quantifying carbon emissions across the build-
ing life cycle was established, overcoming the limitations of traditional segmented
evaluation methods. The proposed framework integrates design, quantity takeoff,
cost estimation, and carbon accounting into a cohesive digital workflow, significantly
improving evaluation transparency and reliability.

2. PV systems were introduced as a dynamic carbon reduction variable, and their carbon
reduction potential and economic benefits under Central China’s climatic and en-
ergy grid conditions were quantitatively analyzed. Multi-scenario simulation results
demonstrate that PV integration can effectively reduce operational carbon emissions
by 16.56% to 32.88%, depending on system capacity and self-consumption rate.

3. Three practical implementation schemes were proposed—40 kW, 60 kW, and 80 kW
systems—to accommodate different investment capacities and emission reduction
goals. Among these, the 60 kW system achieved the best balance between cost and
carbon reduction performance, with a payback period of 3.53 years and an annual
carbon reduction of 38.73 tCO,.

4.  The research provides a technically and economically feasible pathway for support-
ing the low-carbon transition of residential buildings in the region, offering both
theoretical and practical references for similar projects.

However, several limitations remain in the current approach. These include static
assumptions for PV system operation that neglect dynamic elements such as smart load
scheduling and real-time electricity pricing, as well as the exclusion of socio-behavioral fac-
tors. Additionally, energy consumption profiles, though based on standardized schedules,
may diverge from actual usage, and transportation distances were estimated using regional
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averages. The discussion of the inherent limitations of the BIM-LCA integration—such as
data granularity and model interoperability—also requires further critical depth. Moreover,
as this study is based on a single residential case in Xiangyang, the generalizability of the
findings is limited and region-specific factors should be explicitly acknowledged. Future
work will focus on integrating reinforcement learning for dynamic energy management
and incorporating behavioral factors to enhance model accuracy and applicability.
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