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Abstract

To achieve the “dual carbon” goals, the management and control of the construction sector’s
embodied carbon is crucial, as it is a key field of carbon emissions. This study focuses
on the entire process of building structural design, construction and procurement, and
building material production and trading. Based on the principles of system dynamics,
it constructs a building embodied carbon analysis model consisting of three subsystems:
building structural design, production, and building material market. The core elements of
each subsystem and their interaction relationships are clarified, and the model variables
and parameters are defined. Through multi-scenario simulation analysis, the influence
mechanisms of key factors such as different building heights, seismic influence coefficients,
expected project costs, and carbon reduction policies on building embodied carbon are
explored. The results show that building height and seismic influence coefficients have sig-
nificant impacts on material consumption during the building structural design stage, with
building height exerting a more prominent driving effect; increasing the prefabrication rate
can improve construction efficiency, shorten the construction period, reduce construction
carbon emissions, and simultaneously balance the current pressure of rising labor costs; and
carbon reduction policies guide market demand, prompting low-carbon building material
manufacturers to expand R&D investment and production capacity, forming a positive
cycle of “demand growth—cost reduction—market expansion”. In contrast, conventional
building materials are affected by tightened carbon quotas and rising carbon prices, leading
to a continuous shrinkage of their market share and gradual withdrawal from the market,
ultimately realizing overall carbon reduction in the industry. The system dynamics model
constructed in this study provides a scientific analysis framework for the full-process
management and control of building embodied carbon, reveals the key influencing factors
and evolution laws, and offers theoretical support and practical reference for the precise
management and control of building embodied carbon and the formulation of carbon
reduction pathways.

Keywords: “dual carbon” goals; building embodied carbon; system dynamics; scenario
simulation; low-carbon building materials

1. Introduction

As industrialization enters the later stage, the intensification of greenhouse gas emis-
sions has led to growing concerns about global climate change. The Paris Agreement
adopted in 2015 proposed a long-term emission reduction pathway, aiming to achieve
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global carbon neutrality in the second half of the 21st century [1]. In 2020, China put for-
ward the strategic goals of “carbon peaking by 2030 and carbon neutrality by 2060”, which
has promoted various industries to carry out comprehensive carbon reduction actions [2].
The industrial sector focuses on energy-saving transformation of traditional high-energy-
consuming industries and clean energy substitution; the energy sector accelerates the grid
connection layout of renewable energy, such as wind power and solar energy [3]; and
the transportation sector promotes the popularization of new energy vehicles and the
optimization of transportation structure [4]. As a key field accounting for nearly half of
the national total carbon emissions, the decarbonization process of the construction sector
directly affects the overall achievement of the “dual carbon” goals [5].

Carbon reduction in the construction sector has formed diversified technical pathways
and research directions covering the entire life cycle. The largest proportion of carbon emis-
sions in the construction industry comes from building material production, accounting for
about 56% of the total carbon emissions in the construction industry [6]. Current research
focuses on the application of green building materials [7], resource recycling [8,9], and
carbon emission calculation [10]. These studies laid a theoretical and practical foundation
for the future promotion and application of low-carbon building materials, as well as
carbon reduction in building materials production. These carbon emission calculation
methods provide a reference for future studies.

System dynamics, which is good at dealing with complex system problems with multi-
factor coupling, has been widely used in carbon reduction research in the construction
industry and has achieved remarkable results [11]. Ghufran et al. identified ten key
enablers for the sustainable development of the construction industry, clarified the causal
relationships among them, and developed a system dynamics (SD) model based on these
findings. After five years of simulation, the model concluded that policy support and
organizational incentive schemes are the key factors for the sustainable development of
the construction industry [12]. Zhan et al. focused on precast concrete and developed a
system dynamics model (SD). The research results indicate that with moderate green policy
investment combined with a carbon tax, the carbon emission reduction rate can reach 7.52%.
Additionally, the carbon reduction effects of technology optimization and energy structure
optimization are more significant [13]. Wang et al. conducted an analysis by setting different
scenarios and found that the order of carbon emission reduction effects of single policies
is energy structure optimization > economic growth regulation > carbon emission policy
factor adjustment > industrial structure adjustment [14]. Eissa and Adaway established an
SD model with multi-source U.S. data to quantify embodied carbon mitigation [15]. Under
the baseline scenario, cumulative emissions would reach 5605 MtCOze by 2050. Floor area
reduction alone yields a 38.8% reduction, and combined with circular-economy policies,
the reduction reaches 45.2%, supporting evidence-based building decarbonization policies.
All of these studies demonstrate the feasibility and effectiveness of system dynamics in
addressing multi-factor complex issues, providing methodological and practical support
for the research conducted in this paper.

Existing studies mostly focus on carbon emission accounting of individual projects or
discussions on carbon emission influencing factors in isolated systems. However, fewer
studies have systematically represented the cross-stage influence mechanisms targeting the
entire process of building engineering design, construction, and procurement, particularly
the endogenous feedback among structural design decisions; production/construction
constraints; and building material market dynamics under policy interventions. Therefore,
the research gap addressed in this study is the lack of an integrated dynamic modeling
framework that can capture (i) how structural design parameters drive material demand,
(if) how construction strategy choices (e.g., prefabrication rate) interact with schedule and
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cost expectations, and (iii) how policy-driven market mechanisms feed back into material
selection and embodied carbon outcomes over time.

Based on the principles of system dynamics, the research objective of this study is
to construct an SD model of building embodied carbon by clarifying the core elements
and interaction relationships of the three subsystems—building structural design, produc-
tion/construction, and building material trading—defining variables and parameters, and
simulating dynamic evolution under different scenarios.

Accordingly, this study innovatively incorporates policy-driven factors to elucidate the
pivotal role of carbon reduction policies in the governance of building embodied car-bon.
The core contributions of this research lie in the development of a whole-process system
dynamics (SD) analytical framework that integrates the design, construction, trading, and
policy subsystems through explicitly defined feedback loops and time lags. This integrated
framework facilitates the identification of key driving forces and leverage points across the
entire building lifecycle, moving beyond the limitations of isolated stage-wise accounting.
Furthermore, it generates scenario-based empirical evidence to underpin the systematic
management and prioritization of embodied carbon reduction measures, ensuring full
alignment with the principles of standardized life-cycle thinking.

2. Building Embodied Carbon Analysis Model Based on
System Dynamics

2.1. Mechanism of Action of the Building Embodied Carbon System

System dynamics is an interdisciplinary subject integrating system science theory and
computer simulation, focusing on the study of system feedback structure and behavioral
laws, and it is an important branch of system science and management science [16]. Ac-
cording to the dominant structure principle of system dynamics, the system structure is
composed of multiple feedback loops, together with links such as logical relations, material
delays, and information delays, organized hierarchically and by causal relationships. At
each stage of system development, one or more feedback loops always play a dominant
role. System dynamics refers to these dominant loops as dominant feedback loops. The
characteristics of dominant loops, the connections between them, and their effects collec-
tively determine the dynamic behavior and developmental trend of the entire system. This
study aims to identify the composition of these feedback loops, analyze their interactive
relationships, and quantitatively examine the evolutionary patterns of relevant factors.

In the research on building embodied carbon, after comprehensively considering vari-
ous influencing factors, the model construction focuses on three subsystems with significant
contributions and relative independence, namely the building structural design subsystem,
the building material market subsystem, and the construction subsystem. The three form a
dynamic interaction relationship through multiple correlations (see Figure 1). Specifically,
the building structural design subsystem directly determines the project’s building material
consumption according to the actual working conditions of the building project and deter-
mines the overall prefabrication level of the project in combination with the prefabrication
rate requirements; the construction subsystem carries out component processing and on-
site construction work in accordance with the design plan and determines the construction
period accordingly; and the building material demand is closely related to the building
material market subsystem. Under the guidance of carbon reduction policies, low-carbon
building material manufacturers and conventional building material manufacturers will
actively adapt to changes in market demand and dynamically adjust their production plans
to maximize their own interests. Finally, the building material market subsystem affects
the project cost in the construction subsystem by regulating the building material price,
and the project cost reversely adjusts the prefabrication rate parameters of the building
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structural design subsystem, forming a closed-loop interaction. To simplify the complex

connections within and between each subsystem, this study makes some assumptions, as

shown in Table 1.
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Figure 1. Diagram of the interaction of building embodied carbon subsystems.

Table 1. Modeling assumptions.

Subsystem Name

Assumption Content

Building structural design subsystem

(1) Due to the excessive factors to be considered in structural design, there are few factors
that can form obvious causal loops. Therefore, the seismic force (effect) borne by the
structure is taken as an example to briefly introduce the impact of structural design on
building material consumption.

(2) It is assumed that during the structural design process, the prefabrication rate will not
affect the structural system and structural scheme, but only a value that can be set
according to requirements.

(3) The project budget constrains the design material consumption but cannot directly
affect it.

Construction subsystem

(1) Due to the slowdown of population growth, the acceleration of aging process, and the
steady increase in per capita GDP, labor costs will increase accordingly, and labor costs
will become the main factor affecting the project cost.

(2) The impact on the building design subsystem during component production and
project construction is not considered.

Building material market subsystem

(1) For the convenience of description, building material manufacturers are divided into
low-carbon building material manufacturers and conventional building material
manufacturers according to the level of carbon emission intensity.

(2) The price of building materials is only determined by the supply-and-demand
relationship in the building material market, and the raw material price only affects the
cost of building material manufacturers. The produced building materials are only used
in the construction industry, and other products produced by building material
manufacturers are not considered.

(3) The fixed costs of the two types of building material manufacturers do not change
when increasing or reducing production.

(4) The price of carbon trading is regulated by the market. When there is excess demand
for carbon quotas in the market, the carbon price will increase. If there is no excess
demand, the carbon price remains unchanged.

https://doi.org/10.3390 /buildings16050983


https://doi.org/10.3390/buildings16050983

Buildings 2026, 16, 983

50f 20

Construction site
quantity

Required
equipment quantity

Equipment carbon
emissions
E

Factory prefabrication

Personnel
quantity

onstruction site ),
arbon emissions;

Construction
period

2.2. Causal Loop Analysis of the Building Embodied Carbon System

The first step of the SD model is to construct a causal loop diagram to show the
causal relationships between various factors and explore the interactions between different
factors. This study uses Vensim PLE 7.3.5 software for system dynamics modeling and
simulation. Figure 2 describes the mutual influence and interaction relationships among
the building structural design subsystem, production subsystem, and building material
market subsystem. Arrows indicate the causal relationships between related factors, with
a positive sign indicating a positive promoting effect between related variables, and a
negative sign indicating an inhibitory effect.
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Figure 2. Causal loop diagram of the building embodied carbon system. Note: The “+”and “—
denote positive and negative correlations respectively.

The mutual influence relationships among various factors in the building structural
design subsystem are shown in Figure 3a. Firstly, based on the actual conditions of the
engineering project and the given design parameters, the designer determines the initial
material consumption of the superstructure and the initial material strength, and then
calculates the initial self-weight of the superstructure. Secondly, using the information
above, the initial load effect value and structural resistance value can be further calculated.
If the load effect is greater than the structural resistance, the designer will take measures
such as increasing the upper material consumption and improving the material strength
to enhance the structural resistance. Increasing material consumption can significantly
improve structural resistance but has little impact on the total structural weight, so that the
increase range of the load effect is smaller than that of the structural resistance, making
the two gradually approach until the structural resistance is greater than the load effect.
Thirdly, at this stage, the material consumption of the superstructure is determined, which
in turn determines the material consumption of the lower structure. Fourthly, from an
economic perspective, the increase in total material consumption will lead to a rise in the
budget. When there is a large deviation between the budget and the cost, the designer
tends to reduce the material consumption. Finally, this iterative process is realized through
three negative feedback loops and one positive feedback loop. According to the calculation
results of each cycle, the component layout, structural consumption, and material strength
are gradually optimized until the total material consumption reaches a steady state. The
loop cycle is shown in Figure 3b.
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Figure 3. Causal loop diagram of the building design subsystem. (a) Causal diagram. (b) Loop diagram.

The construction subsystem reveals the main influencing factors of the project cost.
As shown in Figure 4, firstly, with economic development and changes in population
structure, labor costs on construction sites continue to rise, and improving the component
prefabrication rate can reduce on-site labor costs, thereby lowering the total project cost.
Secondly, this subsystem is mainly regulated by two linear causal relationships: after the
designer determines the material consumption and component prefabrication rate, the
constructor and the manufacturer carry out production work accordingly. Thirdly, in the
process of component prefabrication and construction, a higher project prefabrication rate
leads to more prefabricated components produced in the factory, less on-site construction
and installation work, improved project standardization, and higher on-site installation
efficiency, which reduces the number of on-site personnel and equipment required and
shortens the construction period. Fourthly, the above changes reduce carbon emissions from
on-site personnel, equipment, and production processes on the one hand, and they reduce
labor costs, equipment costs, and capital occupation time on the other hand, ultimately
achieving a reduction in the total project cost. Fifthly, in terms of prefabricated component
transportation, an increase in the project prefabrication rate leads to a simultaneous rise
in both transportation efficiency and transportation volume of prefabricated components,
generally resulting in higher carbon emissions and transportation costs during component
transportation. The transportation of raw materials is considered to be part of the building
material cost. Finally, the core variable of the construction subsystem is the project cost:
when the project cost exceeds the project budget, the designer needs to optimize the scheme
to reduce the cost.
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Figure 4. Causal diagram of the construction subsystem.
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Through this feedback process, the construction subsystem has an impact on the
building structural design subsystem, and the two form a large negative feedback system.
Various factors iterate with each other to control the project cost, material consumption,
and prefabrication rate at a stable level.

The operation mechanism of the building material market subsystem is shown in
Figure 5a. At present, pilot carbon quota systems are being carried out in the building
material field. Policies dominate the market demand for low-carbon building materials
and conventional building materials, and they control the carbon quotas and carbon prices
of enterprises. If the carbon emissions of manufacturers exceed the corresponding carbon
quotas, they need to purchase carbon emission quotas according to the excess emissions.
Driven by policies, the demand for low-carbon building materials continues to grow, and
their prices and production capacity fluctuate under the influence of supply and demand,
making low-carbon building material manufacturers dominant in market competition;
while conventional building materials are affected by policies, their demand gradually
shrinks, putting them at a disadvantage in market competition, and their market share
continues to decline. The final evolution result of the building material trading market is as
follows: the production capacity of low-carbon building materials is significantly improved,
the production cost is reduced, and the product price is lowered; the production capacity
of conventional building materials is greatly reduced, and manufacturers will gradually
transform to low-carbon building material production to pursue maximum profits.
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Figure 5. Causal loop diagram of the building material market subsystem. (a) Causal diagram.
(b) Loop Diagram 1. (c) Loop Diagram 2. Note: CBM refers to “conventional building materials”;
LCBM refers to “low-carbon building materials”.
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The building material market subsystem is mainly regulated by two parallel negative
feedback systems, and the negative feedback includes a positive feedback system that
achieves cost reduction and carbon reduction goals, as shown in Figure 5b.

For the low-carbon building material loop, firstly, national carbon reduction policies
promote the increase in demand for low-carbon building materials and drive up their
prices, thereby increasing the profit margin of low-carbon building material manufactur-
ers. Secondly, the growth in profits encourages manufacturers to increase investment in
production technology research and development, as well as carbon reduction research
and development, which further reduces costs and increases profits, forming a positive
feedback loop, and ultimately realizing the reduction of production costs and the increase
in profits for low-carbon building material manufacturers. Thirdly, with cost reduction and
market demand expansion, low-carbon building material manufacturers tend to expand
production capacity rapidly, leading to a rapid increase in supply until it exceeds market
demand. Fourthly, at this stage, product prices decline, and manufacturers’ profits decrease,
thus inhibiting the excessive expansion of production capacity and forming a negative
feedback loop. Finally, the two feedback loops jointly regulate the output and price of
low-carbon building materials to maintain a relatively stable state.

Another parallel negative loop is the supply-and-demand regulation mechanism of
conventional building materials. Firstly, under the guidance of national carbon reduction
policies, the demand for conventional building materials declines. Secondly, to reduce
losses, manufacturers tend to lower their selling prices and rapidly reduce production
capacity. Thirdly, when production capacity drops below demand, prices will rebound
slightly. Finally, this negative feedback process regulates the gradual and stable decline of
the production capacity of conventional building materials and keeps prices stable, thus
avoiding sharp fluctuations.

3. Design of the System Dynamics Model for Building Embodied Carbon
3.1. Building Structural Design Subsystem Model

This section briefly introduces the iterative calculation process in the design. With
iterative optimization as the core, three types of variables are set to construct the dynamic
balance between resistance and seismic load effect, so as to realize the optimal adjustment
of material consumption and strength. First, the baseline values of exogenous variables
are determined, including initial material consumption, initial material strength, omax
(maximum seismic influence coefficient) taken according to seismic codes, and building
height set in combination with engineering practice, as the basic input for calculation.
Among the state variables, the upper material consumption starts from the initial value,
and it is only related to the structural system and cross-section without considering the
material strength. When the structural safety factor is 1 (effect > resistance), it increases
by 10 t per iteration step and stops when the safety factor is 0. The material strength
represents the average strength of components; based on the initial value, it increases by
0.1 MPa per iteration step when the safety factor is 1, and it stops when the safety factor
is 0. The resistance is the product of the material strength and the square of the upper
consumption, and the effect is the product of the upper self-weight, otmax, and the square of
the building height [17]. The structural safety factor is used as the control index. When the
effect > resistance, the state variables are updated; when the effect < resistance, it takes 0
and stops iteration. Currently, the parameters are the results meeting the safety require-
ments. The model achieves the balance between safety and consumption through dynamic
iteration. Its stock-flow diagram is shown in Figure 6. It should be noted that all red-
marked variables in the stock-flow diagrams can be adjusted according to specific situation.
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The values adopted in this study are only those selected by the authors for this illustrative
example and do not imply that these values are fixed.
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Figure 6. Stock-flow diagram of the building structural design subsystem.

3.2. Construction Subsystem Model

The stock-flow diagram of the construction subsystem is shown in Figure 7. The
simulation model of the construction subsystem takes the deviation between the project
cost and the expected cost as the core of regulation, and it simulates the dynamic adjustment
of building material consumption and component prefabrication rate, as well as the cost
composition logic. Among the state variables, the building material consumption is based
on the given initial value of the structural design subsystem. When the cost exceeds the
expectation, the building material demand will be appropriately reduced to reflect the
weak impact of the budget on the design consumption. It is assumed that the initial
component prefabrication rate is 25% [18], and when the cost exceeds the expectation,
the prefabrication rate will be slightly increased. The auxiliary variables are calculated
around the cost composition and construction parameters: the labor cost is the product
of the number of on-site personnel, the worker’s salary, and the construction period; the
number of on-site personnel is estimated according to the on-site construction volume;
the construction period is deduced according to the empirical formula combined with
the construction volume and installation efficiency; the factory prefabrication volume
is the product of the prefabrication rate and the building material consumption; and the
equipment rent is calculated according to the number of equipment, the construction period,
and the annual equipment rent. The on-site construction price is the sum of the labor cost
and the equipment rent. The project cost is the sum of the on-site construction price, the
total building material price, the capital cost, and the transportation price. The exogenous
variables are set according to the actual scenario, including interest rate, expected project
cost, established transportation parameters and worker’s salary.
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Figure 7. Stock-flow diagram of the construction subsystem.

3.3. Building Material Market Subsystem Model

The stock-flow diagram of the building material market subsystem is shown in Figure 8.
The state variables are the production capacity growth rate, price, demand, cost reduction
coefficient, carbon emission factor of low-carbon building materials, and carbon price of
the two types of building materials. Among them, the production capacity is affected by
investment decisions and will be appropriately expanded according to the profit margin. To
reflect the lag, a 12-month delay is added [19]. When the profit is negative, the production
will be reduced by 1% immediately. The price is controlled by the demand gap ratio, and
the demand changes linearly driven by policies. The production costs of both types of
building material manufacturers will continue to decline due to product R&D, and the
carbon emission factor of low-carbon building materials will also decline [20]. The carbon
price rises when there is a carbon quota gap, and it remains unchanged when there is no
gap. The rate variables mainly include the demand gap ratio and investment decisions.
Among them, the demand gap ratio is determined according to the supply-and-demand
relationship, and the investment decision is the ratio of profit to revenue, which determines
the growth rate of production capacity. The auxiliary variables include the total production
capacity of the two types of building materials, which is the product of the growth rate
and the initial production capacity; the revenue is calculated as “the minimum value of
price x production capacity/demand”; the average cost integrates fixed costs, technical
cost reduction, and carbon costs; the profit is the difference between revenue and total costs;
and carbon emissions, carbon quota gap, and carbon costs are converted according to the
corresponding logic, which determines the carbon cost of building material production.
The exogenous variables are determined based on actual data.

https:/ /doi.org/10.3390/buildings16050983


https://doi.org/10.3390/buildings16050983

Buildings 2026, 16, 983 11 of 20

Carbon emission factor {_———==%—®{Costs reduction of]

of LCBM (1mitial value) Carbon emission ‘:%Q/ I'ime JH_j""R&D of LCBM LCBM
factor of LCBM i
Low-carbon
technology R&D

Unit price of LCBM Total costs of

(initial value) Unit price of / LCBM
LCBM Bema%nd gap Revenue of Profit of LCBM \,\
ratio 1 LCBM Average cost of
/ LCBM
Demand of| . ) / \
LCBM Production capacity Production .
Policy-driven for of LCBM “#—— capacity growth Average cost of Carbon C
LCBM rate of LCBM Investment decision LCBM (imitial value) Carbon Costs

of LCBM

Carbon emissions \

from LCBM Production capacity of

CBM (initial value)
Carbon quota gap

Carbon quota of
LCBM _— of LCBM

Carbon price
(1nitial value)
Carbon quota gap

o A iesian - Carbon emission ~
qul?()]l emission Itactmr from CBM of CBM

of CBM (mnitial value) Carbon quota of

CBM otal costs of
Unit price of CBM ‘ ' - CBM
(initial value) Unit price Oimp ’Proﬁt of CBM
CBM S .
ratio 2 evenue of CBM Average cost of

CBM
d of CBM : = 3 T
Policy-driven fof = pmdUth'Dn capacily "agzggﬁt;(;t:gwth Average cost of
CBM of CBM i 2 Investment decisior-BM (initial value)| Carbon Costs of
rate of CBM CBM

of CBM
Production capacity of
CBM (1nitial value)

Costs reduction
of CBM

~Time>—™»R&D of CBM
Figure 8. Stock-flow diagram of the building material market subsystem.

4. Simulation Result Analysis of the Building Embodied Carbon System

Based on the stock-flow diagram, different analysis scenarios are set to analyze the
impact of control factors on the building embodied carbon system, and explore the impact
of design, production, and carbon market on building material embodied carbon.

4.1. Simulation Analysis of the Building Structural Design Subsystem

To verify and demonstrate the rationality and effectiveness of the system, five simu-
lation scenarios are constructed in this section, as shown in Table 2. It can be found from
the stock-flow diagram that the main influencing factors in the building structural design
subsystem are the building height and the maximum seismic influence coefficient, xmax.
Taking a steel-frame structure as an example, the initial material consumption (actually the
material consumption of the upper structure) is set to 1000 t [21], and the initial material
strength is the minimum strength design value of Q355 steel, 270 MPa [22]. The following
scenarios are set to analyze the impact of the above two key factors on material consump-
tion and material strength. It should be noted that the variables in this simulation case are
not functions related to time, but functions related to the number of iterative calculations.
Therefore, only the final results of the iterative calculations are given, and the intermediate
process is not shown.
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Table 2. Scenarios of the building structural design subsystem.

Scenario Setting Scenario Number Omax Building Height/m
Baseline scenario Scenario 1 0.08 25
Impact of « Scenario 2 0.16 25
p max Scenario 3 0.24 25
1 . Scenario 4 0.08 30
Impact of building height Scenario 5 0.08 35

The simulation results are shown in Table 3. The increase in building height has a more
significant impact on material consumption and material strength, which is consistent with the
actual situation, verifying the rationality of the simulation process.

Table 3. Simulation results of the building structural design subsystem under different scenarios.

Scenario Number Upper Material Consumption Material Strength Building Material Demand
Scenario 1 1770 t 278 Mpa 2531t
Scenario 2 3350 t (+89%) 293 Mpa (+5%) 4790 t
Scenario 3 4780 t (+170%) 308 Mpa (+11%) 6835 t
Scenario 4 2480 t (+40%) 284 Mpa (+2%) 3546 t
Scenario 5 3290 t (+86%) 293 Mpa (+5%) 4704 t

4.2. Simulation Analysis of the Construction Subsystem

In actual engineering construction projects, most of the costs are concentrated in
the on-site construction link, and the core cost of on-site construction is the labor cost.
With the economic and social development of China and the change in population age
structure, the labor cost has increased significantly, which in turn affects the project cost.
The key influencing factor of the construction subsystem is the expected project cost, which
changes the component prefabrication rate, thereby acting on the project construction
period and operation cost to achieve cost reduction. To reflect this process, four different
labor cost scenarios are set, as shown in Table 4, to analyze how to determine the component
prefabrication rate to control the project cost at the target level when the labor cost continues
to increase. The building material demand is set according to the baseline scenario of the
building structural design subsystem. The upper structure is steel (fixed consumption
of 1852 t, unit price referring to the current market average price of about 3300 yuan/t),
and the lower structure is concrete (consumption of 555 t, equivalent to 250 m>, unit price
referring to the current market average price of about 300 yuan/m?).

Table 4. Scenarios of the construction subsystem.

Scenario Number Labor Cost Expected Project Cost
Scenario 1 120,000 yuan/person/year 43.22 million yuan
Scenario 2 150,000 yuan/person/year 43.22 million yuan
Scenario 3 180,000 yuan/person/year 43.22 million yuan
Scenario 4 210,000 yuan/person/year 43.22 million yuan

The simulation results are shown in Table 5. With the increase in labor cost, the
component prefabrication rate needs to be appropriately increased to control the project
cost. The increase in prefabrication rate can improve the on-site construction efficiency, shorten the
construction period, and significantly reduce the on-site construction cost and capital cost. At the
same time, the transportation price does not increase significantly. Although the cost of
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prefabricated components produced by the factory increases, the overall project cost does
not change significantly.

Table 5. Simulation results of the construction subsystem under different scenarios.

Scenario Prefabrication Transportation On-Slte. Factory . Construction .
. Construction  Production Capital Cost . Project Cost
Number Rate Price . Period/Year
Price Cost

Scenario 1 25% 4.06 3060 301 337 2.82 4321
Scenario 2 28% 4.37 3046 337 313 2.60 4319
Scenario 3 31% 4.064 2978 374 284 2.38 4260
Scenario 4 33% 1.79 3000 397 271 2.25 4293

Unit: 10,000 yuan.

4.3. Simulation Analysis of the Building Material Market Subsystem

For the building material market subsystem, the main driving factor is the market
demand for low-carbon building materials driven by policies. First, the rationality of the
model is verified with the baseline state. The values and basis of some exogenous variables
in the model are shown in Table 6.

Table 6. Initial values of exogenous variables in the building material trading subsystem.

Variable Name Value Explanation
Carbon emission factor of
conventional building materials 2 Referring to common building material carbon emission factors [23]

(initial value)

Carbon emission factor of low-carbon

Assumed with reference to the carbon emission factor of conventional

building materials (initial value) 1 building materials [24,25]
Pfq‘fgion cap agitl}/ o.f c.o.nI/enirional 3,600,000 t At present, China’s steel production capacity is about 4 million tons per
uilding materials (initial value) month. It is assumed that the initial demand for conventional building
Production capacity of low-carbon 400000 t materials is about 3.6 million tons, and the initial demand for low-carbon
building materials (initial value) ¢ building materials is 400,000 tons [26]
Unit price Of con.ve.nltlonal building 3400 yuan/t Set to 3400 yuan with reference to the current steel sales price [27]
materials (initial value)
Unit price of low-carbon building 4300 yuan/t Assumed to be 4300 yuan with reference to the price of conventional
materials (initial value) y building materials
Average cost of conventional building 2850 yuan/t Initial cost determined with reference to the current sales prices of iron ore
materials (initial value) y and coke, as well as labor costs [28]
Average cost of low-carbon building 3300 yuan,/t Assumed to be 3300 yuan with reference to the initial cost of conventional
materials (initial value) y building materials
Carbon price (initial value) 60 yuan/t Referring to the current trading situation of carbon emission quotas in the

national carbon market [29]

Assumptions for other key variables:

1. National policies encourage enterprises to use low-carbon building materials,
leading to a gradual increase in the demand for low-carbon building materials by 4000 tons
per month, and a gradual decrease in the demand for conventional building materials by
3000 tons per month.

2. Affected by national carbon reduction policies, the initial carbon quota of low-
carbon building material manufacturers is 560,000 tons, and the monthly carbon quota
will decrease by 4000 tons, while the minimum carbon quota for low-carbon enterprises is
20,000 tons. The initial carbon quota of conventional building material manufacturers is
9.6 million tons. The monthly carbon quota will decrease by 8000 tons, and the minimum
carbon quota for conventional building material manufacturers is 100,000 tons.

Based on the above information, the simulation calculation is carried out with a
simulation time of 360 months (30 years). The main variables concerned are the price,
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demand, and production capacity of the two types of building materials, as well as the
revenue, profit, carbon emission, average cost, and carbon price changes in the two types
of building material manufacturers.

4.3.1. Output Evolution Characteristics

The demand and production capacity evolution curves of the two types of building
materials are shown in Figure 9, which generally present the dynamic law of “demand
guidance—production capacity adaptation—market balance”. For low-carbon building materials,
the demand is greater than the production capacity in the initial stage, and the revenue
is positive. Manufacturers tend to expand production capacity, but due to the 12-month
lag effect of production capacity construction, the production capacity grows slowly in the
initial stage; after 12 months, the production capacity increases significantly and exceeds
the demand, and then the production capacity growth slows down due to the decline in
profits, gradually matching the market demand.

Production capacity of LCBM

5M~
—— Demand of LCBM
Production capacity of CBM

4M- —— Demand of CBM
% 3M A
=
S oM
o4

1M+

0 —

0 60 120 180 240 300 360
Time(month)

Figure 9. Simulation results of demand and production capacity of the two types of building materials.
Note: M refers to 10°.

For conventional building materials, there is still a certain profit margin in the initial
stage, and manufacturers expand production slightly; when the profit drops to zero,
manufacturers start to reduce production. The cost reduction after production reduction
brings a short-term profit recovery, which in turn leads to phased expansion, resulting in a
fluctuating downward trend of production capacity; after 240 months, the carbon quota
of conventional building materials drops to the minimum threshold, and the carbon cost
increases significantly, entering a vicious cycle of “cost increase—profit decline—production
reduction—further cost increase”. Unless manufacturers transform to low-carbon production,
it will be difficult to sustain operations.

From the perspective of market structure, the total output of the two types of building
materials has steadily increased over 30 years. The market share of conventional building
materials has dropped from 90% initially to 60%, and the market share of low-carbon
building materials has risen from 10% to 40%, which is in line with the policy orientation
and market laws of the low-carbon transformation of the building materials industry,
verifying the rationality of the simulation results.
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4.3.2. Price Evolution Characteristics

The price and average cost evolution curves of the two types of building materials are
shown in Figure 10, presenting significant differentiated characteristics. For low-carbon
building materials, the demand far exceeds the supply in the initial stage, and the price
rises rapidly, reaching a peak of 4500 yuan after 16 months; then the price declines slowly
due to overcapacity, dropping to 2600 yuan after 360 months. On the cost side, it benefits
from three driving factors: the decrease in average cost brought by the economies of scale of
production capacity, the reduction in production cost driven by production technology R&D,
and the decrease in carbon cost brought by carbon reduction R&D, ultimately achieving
continuous cost reduction over 30 years, fully reflecting the supporting role of technological
progress in the low-carbon industry.

4500 - —— Unit price of LCBM
Average cost of LCBM
| — Unit price of CBM
,_\4000 —— Average cost of CBM
g
=
E 3500 1
9 I
3000 |
|
|
25001 | |

0 60 120 180 240 300 360
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Figure 10. Simulation results of price and average cost of the two types of building materials.

For conventional building materials, affected by the continuous shrinkage of demand,
the price generally shows a downward trend, with phased recovery due to production
capacity adjustment; after 270 months, the price of conventional building materials exceeds
that of low-carbon building materials, losing market competitiveness. Although the cost
side decreases due to production R&D in the early stage, affected by factors such as the
weakening of economies of scale caused by production capacity reduction and the increase
in carbon cost brought by tightened carbon quotas, the cost stops declining and rebounds
after 240 months, highlighting the sustainability crisis of backward production capacity.

4.3.3. Revenue and Profit Evolution Characteristics

The revenue changes in the two types of building material manufacturers are highly
correlated with the output evolution (as shown in Figure 11). With the continuous ex-
pansion of production capacity, low-carbon building materials have maintained a steady
increase in revenue driven by the substantial growth in total output, despite the simul-
taneous decline in price and unit cost; meanwhile, conventional building materials have
shown a steady downward trend in revenue due to the fluctuating downward output. The
shrinkage of market share directly leads to the reduction of their revenue scale, further
weakening their market competitiveness.
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Figure 11. Simulation results of revenue of the two types of building material manufacturers.
Note: G refers to 10°.

The profit evolution shows an obvious differentiation trend (as shown in Figure 12).
The profit of low-carbon building materials increases significantly within the initial
15 months, then drops significantly due to overcapacity, and then enters a fluctuating
upward channel due to continuous cost reduction and production capacity optimization,
with overall profitability continuously improving. The profit of conventional building
materials shows large fluctuations with a continuously decreasing average value, and the
fluctuation range narrows after 270 months; except for the short-term profit advantage
in the initial 12 months due to market dominance, the profit is lower than that of low-carbon
building materials in other periods. The core reasons are the multiple pressures of shrinking
demand, low profit margin, and increasing carbon cost.
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Figure 12. Simulation results of profit of the two types of building material manufacturers. Note: M
refers to 10°.

4.3.4. Carbon Emission Evolution Characteristics

The total carbon emission evolution of the two types of building materials is shown
in Figure 13, generally showing a significant downward trend, which is in line with the
expectation of carbon reduction policies. Due to the continuous decline in output, the
carbon emissions of conventional building materials decrease synchronously; although
the production capacity of low-carbon building materials expands significantly, the car-
bon emissions remain at a low level due to the reduction of carbon emission factors
brought by carbon reduction technology R&D. Within the 30-year cycle, the overall car-
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bon emissions of the building materials industry have been significantly reduced, verifying
the effectiveness of the low-carbon transformation path of “policy guidance—market
drive—technology empowerment”.
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Figure 13. Simulation results of carbon emissions of the two types of building materials. Note: M
refers to 10°.

Through the above building material-carbon market simulation model, a sound system
is constructed in which policies drive demand, demand dominates supply and price, and
revenue and profit drive transformation, ultimately achieving the goals of increasing the
market share and profit of low-carbon building materials, reducing carbon emissions, and
gradually eliminating high-carbon emission production, thereby providing quantitative
support for the low-carbon transformation of the building materials industry.

5. Discussion

This study constructs a system dynamics model of building embodied carbon covering
structural design, construction, and building material market subsystems, and explores key
influencing factors via multi-scenario simulation. The results show that building height
and seismic influence coefficients significantly drive structural design-stage material con-
sumption, with building height exerting a more prominent effect; raising prefabrication rate
balances rising labor costs and cuts construction carbon emissions while stabilizing project
costs; and carbon reduction policies boost low-carbon building material demand, forming
a “demand-R&D-cost-market” positive cycle, while conventional building materials shrink
gradually under carbon quota and price pressures, realizing industrial carbon reduction.

Our findings align with existing research: Ghufran et al. [12] and Zhan et al. [13] veri-
fied policy and prefabrication’s carbon reduction effects, and this study further quantifies
their dynamic adjustment mechanisms and cross-stage transmission paths. Different from
single-stage or isolated system analysis in prior studies [6,10], this research builds an inte-
grated dynamic framework, clarifying endogenous feedback between design parameters,
construction strategies, and market mechanisms, making the analysis more systematic.

This study has several limitations. First, all subsystems in the model are constructed
as mechanism-based and stylized representations, rather than detailed empirical replicas of
real-world systems. The model is designed to reveal the directional mechanisms through
which policy variables form reinforcing and balancing loops via price, profit, investment,
capacity, and technological progress, rather than to generate highly precise quantitative
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predictions for a specific region or sector. In line with the validation logic of system dy-
namics, it should be emphasized that the purpose of the model determines the appropriate
level of validation rigor and data requirements. Therefore, the results should be interpreted
as behavioral tendencies and policy insights, rather than exact forecasts.

Targeted optimizations can be adopted: expand design factor scope, revise assump-
tions with actual market characteristics, add heterogeneous scenario simulation, and incor-
porate a waste recycling subsystem to form a full-life cycle model.

Future research can extend to different building types and regions, combine BIM and
big data to build a digital twin model of embodied carbon, conduct empirical verification
with actual projects, and explore the impact of global building material supply chains on
embodied carbon to provide more precise support for the construction industry’s dual-
carbon goals.

6. Conclusions

Based on the system dynamics method, this study focuses on three core links: building
structural design, production, and building material market. First, it conducts a causal
loop analysis of the key influencing factors of building embodied carbon, and then it
constructs a building embodied carbon analysis model including three subsystems, building
structural design, production, and building material market, deeply revealing the influence
mechanisms and evolution laws of embodied carbon in each link. The main conclusions
are as follows:

(1) The key engineering parameters in the building structural design link directly
dominate the building material consumption, which is the source of embodied carbon
management and control. The analysis taking building height and the maximum seismic
influence coefficient as examples shows that the building material consumption increases
with the increase in both, and the driving effect of building height on the building material
consumption is more significant.

(2) In the production link, improving the prefabrication rate is the core way to balance
cost and emission reduction. With the annual increase in labor cost, the cost pressure of the
traditional on-site construction mode continues to increase. Improving the prefabrication
rate can improve the construction efficiency and shorten the construction period through
factory standardized production, thereby reducing the on-site labor and equipment invest-
ment. At the same time, the growth rate of transportation cost of prefabricated components
is controllable, and the overall dual goals of stable project cost and reduced carbon emis-
sions are achieved, which is in line with the economic and environmental benefit demands
of engineering construction.

(3) The transformation and evolution of the building material market link are jointly
driven by carbon reduction policies and market mechanisms. Carbon reduction policies
guide changes in demand structure, making the market demand for low-carbon building
materials continue to grow; encouraging manufacturers to increase R&D investment and
expand production capacity; and thereby promoting the reduction of production costs
and product prices, forming a positive cycle of “demand growth—R&D upgrading—cost
reduction—market expansion”. In contrast, conventional building materials are subject
to multiple pressures of shrinking demand, tightened carbon quotas, and rising carbon
prices, gradually losing their cost advantage, with continuous shrinkage of market share,
and finally gradually withdrawing from the market, promoting the overall low-carbon
transformation of the building materials industry.

As this study involves reasonable assumptions in the research process, the results
may differ somewhat from real situations. Nevertheless, the regularities revealed in this
study are constructive. The conclusions clarify the importance of policy-driven carbon
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reduction in the construction industry and also provide a reference for calculating carbon
emissions in construction and building material manufacturing from the perspective of
system dynamics.
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