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Abstract: The cement industry, as a high energy-consuming industry, has been included in the carbon
emissions trading system (ETS) in the context of the carbon neutrality goals. Benchmark allocation
of carbon quotas may have a significant impact on cement companies. To study this impact, we
constructed a system dynamics (SD) model for a cement company with the three subsystems of
“demand and production”, “economic efficiency”, and “carbon emission and carbon trading” based
on company competitiveness theory. A company competitiveness index was established from the SD
model. Through computer simulation, the influence of the annual decline coefficient of the benchmark
value and the innovation investment rate on a cement company’s competitiveness under different
circumstances were compared and analyzed. This study puts forward suggestions for low-carbon
development, such as setting a reasonable range of annual decline coefficient of the benchmark value
(0.97–0.99) and promoting investment in emission-reduction technologies in multiple phases.

Keywords: carbon emissions trading system; benchmark allocation; company competitiveness; cement

1. Introduction

Human economic activities have relied heavily on fossil energy sources for a long
time, leading to a significant increase in greenhouse gas emissions [1]. The Sixth Assess-
ment Report issued by the United Nations Intergovernmental Panel on Climate Change
(IPCC) highlighted that those human activities had caused the warming of the atmo-
sphere, oceans, and land. Widespread and rapid changes are occurring in the atmosphere,
oceans, cryosphere, and biosphere [2]. The severe negative impacts of climate change are
prompting the international community to take substantial measures to reduce greenhouse
gas emissions [3]. Among these measures, ETS has become one of the most important
tools for many countries to achieve their carbon neutrality goals due to its flexibility and
cost-effectiveness [4].

As an environmental policy, ETS has three major essentials: industry coverage, carbon
emission cap, and carbon quota allocation [5]. Multiple carbon quota allocation methods
have been developed. The grandfathering, benchmarking, and auction methods are now
mainstream carbon quota allocation methods [6]. To reduce the burden of carbon-intensive
companies, carbon quota is mainly allocated free (grandfathering and benchmarking),
supplemented by paid allocation (auction) [4].

ETS pilot sites in China currently include Beijing, Tianjin, Shanghai, Chongqing,
Hubei, Guangdong, and Shenzhen. Industries covered include electricity, heat, cement,
steel, petroleum, aviation, automotive, and paper. Subsequently, in 2017, a nationally
unified ETS for the power industry was established. Currently, 2162 power companies
are included in the nationally unified ETS, covering more than 4.5 billion tons of carbon
emissions annually.

The construction industry generates more than one-third of global carbon emissions,
and is one of the main sources of greenhouse gas emissions [7]. Cement, as the major
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building material, generates a large amount of CO2 during the clinker calcination and
fuel combustion stages of its production [8]. According to statistics, the cement industry
accounts for about 8% of global anthropogenic carbon emissions, a figure that is expected
to rise as urbanization levels increase [9]. The cement industry is one of the industries most
affected by environmental policies, and its carbon trading costs are second only to those
of the power industry [10,11]. However, the changes in costs, sales, profits, and carbon
intensity of cement companies resulting from the relevant rules in the ETS have been less
intensively studied. The above elements are closely interconnected. Changes in one of them
will cause changes in others. Therefore, a simple mathematical approach cannot reveal the
relationships between them and cannot inform the impacts of carbon quota benchmark
allocation on the overall competitiveness of a cement company in dynamic environments.
System dynamics can provide an appropriate way to solve this issue.

Therefore, to address this research gap, this paper takes cement companies as the re-
search object and analyzes the influence mechanism of carbon quota benchmark allocation
on the competitiveness of cement companies. A system dynamics model is developed inno-
vatively to guide cement companies’ energy-saving and green development, and promote
the transformation and upgrading of companies. It also provides policy recommendations
for unifying the carbon trading market in China’s cement industry.

The remaining chapters are organized as follows: Section 2 introduces the literature re-
lated to benchmark allocation in ETS, corporate competitiveness, and low-carbon strategies
of cement companies. Section 3 explains the system dynamics model. Section 4 presents a
case study and the simulation results. Section 5 is the conclusion section.

2. Literature Review
2.1. ETS and Benchmark Allocation

Most scholars believe that while ETS leads to higher commodity prices in emission-
controlled industries, it has the policy effect of reducing carbon emissions and decreasing
carbon intensity in these industries [10,12]. The allocation of carbon quotas, as a prerequisite
and core element for ETS, significantly affects the smooth implementation of environmental
policies and the achievement of carbon emission reduction [6].

Researchers have compared the fairness, efficiency, and feasibility of different carbon
quota allocation methods. The grandfathering method is based on companies’ historical
carbon emissions as the standard [13]. Companies are concerned with maximizing their
current profits under this method. The benchmarking method uses industry average or
advanced emission levels as the standard [14]. Companies focus on the impact of current
decisions on future profits under this method. The auction method is to put all quotas into
the trading market for uniform auction, which puts economic pressure on carbon-intensive
companies and is less feasible at the early stage of ETS implementation [15].

The practice of European Union Carbon Emissions Trading System (EU ETS) shows
that the allocation of carbon quota has gradually transitioned from the grandfathering
method to the benchmarking method, and then to the full auction method [16]. In com-
parison, it is more fair and feasible to apply the benchmarking method in industries with
relatively uniform processes and products at this stage, such as the power generation and
cement industry [17]. The benchmarking method could effectively reduce competitive dis-
tortions and opportunities for large gains [18], reduce the risk of carbon leakage [11,18,19],
and encourage companies to invest in emission-reduction technologies to improve energy
efficiency [20,21].

2.2. Company Competitiveness under the Benchmark Allocation

The Organization for Economic Co-operation and Development (OECD) states that
environmental policies will impact a company’s competitiveness through channels such as
profits, turnover, investment, cost pass-through, value-added, production, employment,
carbon emissions, and export trade [22]. The benchmarking method focuses on peer-to-
peer comparisons; thus, studying the competitiveness of emission-controlled companies
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using this method is critical [23]. Current studies have come to different conclusions about
whether and to what extent benchmark allocation affects the competitiveness of emission-
controlled companies. On the one hand, several studies have concluded that benchmark
allocation helps to improve a company’s competitiveness. Porter [24] developed the hy-
pothesis that favorable environmental policies would stimulate innovation, potentially
offsetting additional costs and improving a company’s competitiveness over time. Yu
et al. [25] and Xiao et al. [26] discovered that non-energy industries could improve their
financial performance and total factor productivity by taking responsibility for emission
reduction. Wang et al. [27] believed that companies would use low-carbon competitiveness
to expand their market share when they voluntarily reduce carbon intensity to an advanced
level. On the other hand, some scholars believe that benchmark allocation hurts a com-
pany’s competitiveness. Chen et al. [28] demonstrated that Porter’s hypothesis did not
materialize in China because of the significant lag effect of policies in promoting corporate
innovation. Manufacturing companies would decrease production or investment in green
technologies, hurting green innovation and reducing cash flows and projected revenues.
Zhang et al. [29] identified a marked employment reduction in China’s pilot emission-
control industries in recent years. Reducing production is still the primary approach for
power, heat, and oil exploration companies to reduce carbon emissions. In addition, some
studies suggested a weak impact of the benchmark allocation. Robin et al. [30] found
little change in profits for most emissions-controlled industries, with steel and cement
companies losing a small market share. Demailly et al. [11,31] concluded that the bench-
marking method had little impact on production levels and profitability in iron and steel
industry. When the additional costs can be effectively passed on to consumers, the impact
on company profits and revenues is minimal.

Based on the existing literature, whether the benchmark allocation will have an impact
on the competitiveness of emission-controlled companies, which aspects will have an
impact, and to what extent, are closely related to the characteristics of an industry and the
specific design of a policy.

2.3. Carbon-Reduction Measures in Cement Companies

Regarding the technical roadmap for carbon emission reduction in cement companies,
the International Energy Agency (IEA) [32] has identified multiple approaches, including
improving energy-use efficiency, developing co-disposal technologies, and reducing the
clinker-cement ratio, carbon capture, and other alternative cementitious material technolo-
gies. These actions could help decouple cement production growth from direct carbon
emissions, leading to a 24% reduction in the cement industry’s emissions by 2050. Reduc-
ing carbon emissions during clinker production is the primary driver of carbon emission
reduction in the cement industry [33]. Specifically, ways to reduce carbon emissions from
the cement industry include alternative fuels, energy-efficient kilns, replacement of clinker
with mineral components, carbon capture and utilization, and CO2 mineralization [34–36].
In addition, to reduce the pressure on companies to invest in emission reduction, some
governments grant subsidies and incentives to carbon-intensive companies. For example,
British Columbia provided a C$14 million ($10.7 million) grant to help Lafarge Holcim, a
building material manufacturer, transition to low-carbon fuels [37].

2.4. Application of System Dynamics in the Cement Industry

System dynamics is a simulation method used to study the nonlinear behavior of
complex systems over time, often used in industry for techno-economic analysis, emissions
forecasting, and policy experiments [38]. Tang et al. [1] reviewed many quantitative models
and found that “system” is the keyword in the studies of ETS, which has been considered
a typical system involving various interacting factors. Therefore, system dynamics is
suitable for analysis of the interactions between the economy, environment, and policy
in an industry or company. In the cement industry, SD has been used to evaluate the
comprehensive benefits of investment in abatement technologies [39–41], forecast cement
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prices during the policy implementation period [42], predict cement demand [43], and
estimate carbon emissions under different scenarios and policies [44,45].

Proao et al. [39] divided the whole system of the cement industry into the cement
demand subsystem (SD-CD), the cement production subsystem (SD-CP), the carbon es-
timation and capture subsystem (SD-CCU), and the cost and profit subsystem (SD-C&P)
to research the economic feasibility of carbon capture and utilization technology. Their
study systematically analyzed the economic performance of implementing carbon capture
technology and the impact on the overall cash flow of cement companies under different
market and government conditions. Wei et al. [46] developed a system dynamics model
that included six subsystems: economic, technological, human resource, environmental,
market, and policy, to simulate a low-carbon sustainable development path for companies.

3. Methodology
3.1. System Framework for Cement Companies

When the theory of company core competitiveness was first proposed, Prahalad and
Hamel [47] defined it as cumulative learning within the company, especially concerning
the problem of how to coordinate multiple production skills and integrate various tech-
nological streams. Hamel et al. [48] considered that there were three types of company
competitiveness: (i) competitiveness related to market entry (e.g., sales, branding, logistics,
technical support); (ii) competitiveness related to integration (e.g., quality, inventory); and
(iii) competitiveness related to function (e.g., products with unique features). Barton [49]
analyzed company competitiveness from the perspective of knowledge learning, arguing
that company proprietary knowledge, technology systems, and management systems were
also part of it.

Based on the above-mentioned theory of company competitiveness, we further ex-
plored the various roles and processes in the production and trading of cement companies,
forming the logical basis of the model structure. As shown in Figure 1, upstream suppli-
ers provide raw materials, such as limestone, clay, and cement additives to the cement
company, where cement is produced through raw material grinding, clinker calcination,
and cement grinding. The company then sells the product to downstream consumers and
makes a profit. The levels of emission-reduction technologies and energy structure largely
determine carbon emissions. Under the government’s strict carbon-trading scheme, cement
companies receive free quotas for the current year, calculated based on production and
an established benchmark. If the annual carbon emissions exceed the quota, a company
will be required to purchase carbon credits on the carbon trading market, and if there is
any surplus, sell the remainder on the market. To reduce carbon intensity and reach a
target close to or below the benchmark value, a cement company would invest in more
emission-reducing equipment and cleaner energy. If the carbon emission intensity of a
cement company reaches an advanced level in the industry, the government will also
provide carbon emission-reduction incentives.

Three subsystems were defined to build a system dynamics model based on the rela-
tionships between cement companies and other stakeholders: the demand and production
subsystem, the economic efficiency subsystem, and the carbon emission and carbon trading
subsystem. As shown in Figure 2, the three subsystems are closely related. The demand
and production of cement largely control a company’s carbon emissions. The amount of
carbon trading determined by carbon emissions and benchmark value influences economic
efficiency. The improvement in economic efficiency and expansion of scale would mo-
tivate companies to develop new energy strategies, invest in carbon emission-reduction
technologies to reduce carbon trading costs, and continuously enhance production levels.
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Figure 1. Logistics and capital flow of the cement company.

Figure 2. Subsystem framework diagram of the system dynamics model.

3.2. The Stock-Flow Diagram of the System Dynamics Model

In the demand and production subsystem, the regional cement demand is derived
from a demand function developed by Zhang et al. [50]. As shown in Figure 3, the cement
production consists of three main processes: raw materials extraction and grinding, clinker
calcination, and cement grinding. The raw materials extraction and grinding process
includes crushing, grinding, and homogenization of limestone. The clinker calcination
process includes preheating, pre-decomposition, high-temperature calcination, and cooling.
The majority of CO2 is generated during this process. In the cement grinding process,
clinker is mixed with additives, such as gypsum, blast furnace slag, or volcanic ash, before
grinding. These three processes of the main sources of electricity consumption in cement
companies.
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Figure 3. Cement production process flow chart.

In the economic efficiency subsystem, total company costs include raw material costs,
fuel costs, electricity costs, carbon trading costs, management costs, labor costs, and op-
eration and maintenance costs. Total company revenue is earned from sales revenue and
government carbon-reduction incentives. As the accumulated profits increase, cement
companies draw funds from them and invest in emission reduction and power generation
projects, aiming to reduce carbon emissions per unit of clinker and increase power genera-
tion capacity. The amount of investment in various advanced carbon reduction technologies
varies, as does the effectiveness of emission reduction. The functional relationship between
investment and emission reduction for each carbon reduction technology refers to the study
of Price and Tan et al. [51,52].

In the carbon emission and carbon trading subsystem, carbon emissions originate from
three main components: clinker calcination emissions, fuel combustion emissions, and
indirect emissions due to electricity consumption. The cost of carbon trading is determined
by carbon emissions, free quota, and carbon price. When carbon emissions exceed the free
quota, the excess amount must be purchased on the carbon emission trading market. The
free quota is determined by the production and benchmark value of cement or clinker. In
addition, an annual reduction factor is often used to adjust the benchmark value based on
the macro carbon reduction plan. In this study, we used two benchmark values for cement
and clinker, and a reduction factor set by the ETS of Guangdong Province, China.

Based on the system conceptualization, the stock-flow diagram that determines the
quantitative relationship between variables was established, as shown in Figure 4. It shows
multiple feedback loops. For example, the profits gained by a company would continue
to be invested in enhancing carbon emission-reduction capacity and improving energy
structure, which will eventually be reflected in the total cost and revenue after cement
production and sales. This is a positive feedback loop. Moreover, due to the rapid rise
in carbon prices, a company would set the expected carbon intensity according to the
industry benchmark level and relevant government policy texts in response to the rising
carbon emission trading costs. The larger the gap between the expected and actual carbon
intensities, the more a company will increase its investment in innovation to decrease this
gap for cleaner production. This is a negative feedback loop.
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Figure 4. Stock flow diagram of the system dynamics model.

All model equations are detailed in Appendix A. The following basic assumptions
were used in model development:

1. the government has developed a mature carbon trading market without considering
carbon tax;

2. the issue of corporate profit distribution is not considered;
3. the domestic market can meet the needs of companies for raw materials;
4. the market has a sound regulatory and information-sharing mechanism to avoid

system collapse caused by other non-market behaviors;
5. only the spot market for carbon emissions trading is considered, and the forward

market is not considered;
6. only carbon trading within the cement industry is considered, and carbon trading

between the cement industry and other industries is not considered;
7. the export trade of cement is not considered;
8. only the sales of cement products are considered, and the sales of clinker and concrete

are not considered.

A competitiveness index for the cement company was constructed to study the impact
of profits, sales, carbon emission intensity, and innovation investment on competitiveness.
As shown in Figure 5, the annual profits index, annual sales index, carbon emission intensity
index, and innovation investment index were determined by the company’s own level, the
advanced level of the industry, and the weight of each index. The advanced level of the
industry was determined according to the levels of the leading cement companies. The
weights of individual competitiveness indexes refer to Gao [53] (Table 1). Then individual
indexes were normalized the competitiveness index calculated.
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Figure 5. Composition of competitiveness index.

Table 1. Weights of individual competitiveness indexes.

Annual Profits Annual Sales Innovation
Investment

Carbon Emission
Intensity

Weights 0.25 0.37 0.17 0.21

The relevant functions of the competitiveness index are as follows:

1. Competitiveness index of the cement company = annual profits index+ annual sales
index + innovation investment index + carbon emission intensity index

2. Annual profits index = (annual profits/advanced level of annual profits) * weight of
annual profits

3. Annual sales index = (cement sales rate/advanced level of annual sales) * weight of
annual sales

4. Innovation investment index = (innovation investment/advanced level of Innovation
investment) * weight of innovation investment

5. Carbon emission intensity index = (advanced level of carbon emission intensity/cement
carbon emissions intensity) * weight of carbon emission intensity

4. Case Study
4.1. Case Description

A case study was conducted using the proposed system dynamics modeling method-
ology. In the case study, the competitiveness of a cement company (T Cement) with a large
market share in Guangdong Province, China, was studied. The study period was from
2018 to 2030, with a time step of one year. The data in the case study were obtained from
the China Statistical Yearbook, China Electricity Yearbook, policy documents issued by
the Department of Ecology and Environment and Guangdong Carbon Emission Trading
Exchange, industry technical standards for energy conservation and emission reduction,
and the annual reports and annual social responsibility reports of T Cement. Parameter
setting is detailed in Appendix B. Annual data for the two leading companies—H Cement
and J Cement—were also collected to calculate the competitiveness index.

The parameters related to cement production were taken from all the production lines
of T Cement in Guangdong Province, as shown in Table 2. The benchmark value of carbon
quota benchmark allocation in ETS of Guangdong Province was 0.884, and the annual
decline factor of the benchmark value was 0.99. According to the company’s annual report,
T Cement’s annual innovation investment rate was 1.5% of the accumulated profits.
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Table 2. Production data of T Cement.

Parameter Value Unit

Days of production 310 d/year

Raw material grinding capacity 76,000 t/d

Kiln capacity 47,500 t/d

Cement grinding capacity 64,000 t/d

Clinker-cement ratio 0.74 -

Raw material-clinker ratio 1.60 -

Electricity unit price 0.73 yuan/kWh

Electricity consumption of raw material grinding 19 kWh/t.raw

Electricity consumption of clinker calcination 29 kWh/t.cl

Electricity consumption of cement production 34 kWh/t

Coal consumption per ton of clinker 0.108 tce/t.cl

4.2. Model Development and Validation

After setting the parameters, a computational model was developed using VENSIM
software. To validate the model, first, the intuitionistic test and the unit test were con-
ducted using the test function in the VENSIM software, and the model passed both tests.
Additionally, a baseline scenario (Scenario 0) was developed based on real-world data.
The simulation results from the baseline scenario (i.e., the annual costs, annual revenue,
and annual profit) were compared with the real data of T Cement company for 2018–2021
as a test of authenticity. As shown in Table 3, the test results showed that the deviations
between the simulated results and real-world values did not exceed 5%. This proves that
the model is an accurate representation of the real world.

Table 3. Authenticity test.

Time

Annual Costs Annual Revenue Annual Profits

Simulation
Value

Actual
Value Deviation(%) Simulation

Value
Actual
Value

Deviation
(%)

Simulation
Value

Actual
Value

Deviation
(%)

2018 40.173 39.391 1.98 65.445 65.914 −0.71 25.272 26.523 −4.71

2019 43.845 42.835 2.36 69.837 68.373 2.14 25.992 25.539 1.78

2020 44.473 42.433 4.81 72.416 69.976 3.49 27.943 27.543 1.45

2021 48.055 48.368 −0.65 76.384 76.702 −0.41 28.329 28.334 −0.02

The unit of the amounts in the table is 100 million yuan.

4.3. Simulation Experiments Design

Simulation experiments were designed and conducted to investigate the effects of
benchmark value and innovation investment rate on a cement company’s competitiveness.
Multiple scenarios were generated. In the first set of experiments, the annual decline
factor of 0.99 in the baseline scenario was changed to 0.97 and 0.95 in Scenarios 1 and 2,
respectively. In 2022, four Chinese ministries and commissions jointly issued the “Guide to
the Implementation of Energy-saving and Carbon-reducing Renovation and Upgrading
System in the Cement Industry”. The guide explicitly requires that by 2025, the proportion
of clinker capacity above the benchmark energy efficiency will reach 30%, and clinker
capacity below the benchmark energy efficiency will be eliminated. This means that the
requirements for cement companies to save energy and reduce carbon emissions will be
gradually increased, and the free quota will be reduced. This set of simulation experiments
could test the impacts of increasingly stringent carbon quota benchmarks on cement
companies.
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In the second set of experiments, the innovation investment rate in the baseline sce-
nario was changed in Scenarios 3 and 4 to study the effects of additional innovation
investment. Most of the leading cement companies put forward plans to increase innova-
tion investment under the pressure of energy consumption control [54]. Therefore, in order
to analyze the impact of changes in innovation investment on the competitiveness of com-
panies, Scenarios 3 and 4 set the investment rate to increase by 1.8% and 2%, respectively.
In both scenarios, the annual decline factor remained unchanged.

According to the emission-reduction technology roadmap and the emission-reduction
measures of large cement enterprises in China, nine common emission reduction technolo-
gies with high emission reduction potential were identified and summarized in Table 4.
Then, based on the study of Price and Tan et al. [51,52], the unit investment and the emission
reduction of each technology were derived. These technologies were ranked based on their
cost-effectiveness, and will be employed in order when additional investment is available.

Table 4. Investment and potential of emission-reduction technologies.

Technology Investment Amount
(yuan/t.cl) (1)

Emission-Reduction
Potential

(kgCO2/t.cl) (2)

Cost-
Effectiveness

(2)/(1)
Rank

Alternative fuels 7.52 125 16.62 1

Waste heat utilization 2 32 16 2

Energy efficiency improvement 0.4 6 15 3

Clinker-cement ratio reduction, 6.7 95 14.18 4

Low-carbon clinker 3.2 45 14.06 5

Smart industrial systems 0.42 5 11.9 6

Fuel efficiency improvement 1.7 20 11.76 7

Alternative raw materials 1.2 14 11.67 8

Carbon capture, utilization and storage
(CCUS) 24 195 8.13 9

In the last set of experiments (Scenarios 5 and 6), both the decline factor and invest-
ment rate were adjusted simultaneously to test their compound effects, with Scenario 6
having a larger adjustment than Scenario 5. The specific information of all the scenarios is
summarized in Table 5.

Table 5. Scenario design for the system dynamics model.

Scenario Design Annual Decline Factor of the
Benchmark Value Innovation Investment Rate (%)

Scenario 0 (baseline scenario) 0.99 1.5

Scenario 1 (annual decline factor reduced by 0.02) 0.97 1.5

Scenario 2 (annual decline factor reduced by 0.04) 0.95 1.5

Scenario 3 (investment rate improved by 0.3%) 0.99 1.8

Scenario 4 (investment rate improved by 0.5%) 0.99 2.0

Scenario 5 (two indicators adjusted simultaneously) 0.97 1.8

Scenario 6 (two indicators adjusted simultaneously to a greater extent) 0.95 2.0

4.4. Results and Discussion

Firstly, the simulation results under the baseline scenario are shown in Figure 6.
According to the definition of the competitiveness index, the larger the competitiveness
index, the closer to 1, the stronger the competitiveness of a cement company. From Figure 6,
it can be seen that there is an increase in the competitiveness index over time due to the
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implementation of carbon trading policies. This means that benchmark allocation has
a positive impact on the competitiveness of cement companies. Specifically, there is no
significant change in the annual sales index. The annual profits index decreases in the first
year and maintains an increasing trend in 2019–2024. It contributes significantly to the
growth of the competitiveness index by 2024. After 2024, the innovation investment index
and the carbon emissions intensity index show a slight upward trend. The growth of the
competitiveness index in this period is mainly due to these two indexes, although they rise
slowly.

Figure 6. Diagram of competitiveness index of the cement company under the benchmark scenario.

Therefore, explicit competitiveness, represented by annual profits and annual sales,
significantly reflects a company’s production capacity and marketing capability and main-
tains the company’s competitiveness trend in the first five years. There is also implicit
competitiveness represented by a company’s innovation investment and carbon emissions
intensity, which characterizes its innovation capacity and clean production capacity. In the
context of carbon neutrality, benchmark values will continue to tighten. Cement companies
will strive to improve their low-carbon levels and sustainability under the stimulus of
benchmark allocation. Therefore, implicit competitiveness is becoming increasingly impor-
tant after implementing the benchmark allocation, and in the long run, it will profoundly
influence a company’s overall competitiveness.

4.4.1. Simulation Results and Analysis of Single Scenarios

Figure 7a–g show the simulation results of the first and second sets of scenarios. The
annual profits, annual costs, emission reduction per ton of clinker, annual CO2 emissions,
annual carbon trading costs, innovation investment, and competitiveness index under
Scenarios 1–4 were presented and compared with the baseline scenario. In all scenarios,
annual costs trend upward as raw material and fuel prices rise (Figure 7b). Annual profits
trend upward until 2027, and then appear to have a downward trend (Figure 7a). The main
reason is that the demand for cement decreases after 2027, resulting in lower annual sales
and annual revenue.
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Figure 7. Cont.
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Figure 7. Variation of indicators in a single scenario. (a) Annual profits; (b) annual costs; (c) emission
reduction per ton of clinker; (d) annual CO2 emissions; (e) annual carbon trading costs; (f) innovation
investment; (g) competitiveness index of the cement company.

In Scenarios 1 and 2, the benchmark value decreases as the annual decline factor
decreases, leading to a reduction in free quota and a widening of the gap between carbon
emissions and free quota. Therefore, the carbon trading costs rise with the increase in
carbon price (Figure 7e). This results in a higher total cost than other scenarios. Annual
CO2 emissions do not change noticeably from the baseline scenario when the benchmark
value decreases (Figure 7d). Compared to the baseline scenario (the annual decline factor of
0.99), by 2030, the competitiveness index will decrease by 1.9% at an annual decline factor
of 0.97, and rapidly decrease by 3.6% at an annual decline factor of 0.95. The reason might
be that, in the face of rapid tightening benchmarks, the company is under unaffordable
economic pressure and needs to temporarily reduce investment in abatement projects. This
is detrimental to the company’s competitiveness and the achievement of emission-reduction
targets. So the annual decline factor of the benchmark value should have a lower limit. In
view of the decrease in the competitiveness index, the annual decline factor of 0.97–0.99 is
appropriate.

In Scenarios 3 and 4, the investment rate rises, and there is a significant increase in
innovation investment compared to the other three scenarios (Figure 7f). The higher the
rate of innovation investment, the more emission reductions per unit of clinker and the
lower the annual CO2 emissions (Figure 7c,d). This might be primarily due to the gradual
introduction of CCUS technology. CCUS technology is effective in reducing CO2 emissions,
but the investment is high (Table 4). With the increase in innovation investment rate, the
cement company will gradually introduce CCUS technology, which could bring significant
effect on emission reduction. Moreover, the gap between carbon emissions and free quota
will decrease, leading to a decrease in carbon trading costs (Figure 7e). After 2028, the
carbon trading costs are even negative. That is, the annual CO2 emissions of the company
are less than the free quota, and the company could sell this allowance of carbon emissions
to the carbon trading market for extra earnings. This is the key reason why annual profits
are higher and annual costs are lower in Scenario 4 than in other scenarios.

4.4.2. Simulation Results and Analysis of Combined Scenarios

The plots in Figure 8a–g show the simulation results of seven indicators from the third
set of experiments under the combined scenarios, compared with the baseline scenario.
Scenario 5 is the scenario in which the annual decline factor of the benchmark value and
innovation investment rate adjust simultaneously but to a smaller extent than in Scenario 6.
The curves representing Scenario 5 all lie between the other two curves representing the
baseline scenario and Scenario 6 (Figure 8a–g). In particular, it can be seen from Figure 8e
that the annual carbon trading costs tend to stabilize after 2022 under this scenario. This is
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because with the innovation investment rate of 1.8% and the annual decline factor of 0.97,
the reduction in carbon emissions due to emerging technologies is approximately the same
as the reduction in carbon quota due to the decrease in the benchmark value. In this case,
the annual carbon trading costs would not fluctuate too much, which provides cement
companies with some time to adapt to new environmental policies. This is another reason
why an annual decline factor of 0.97–0.99 is appropriate.

Figure 8. Cont.
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Figure 8. Variation of indicators in combined scenarios. (a) Annual profits; (b) annual costs; (c) emis-
sion reduction per ton of clinker; (d) annual CO2 emissions; (e) annual carbon trading costs; (f) inno-
vation investment; (g) competitiveness index of the cement company.

Scenario 6 is the scenario with the lowest annual decline factor of the benchmark value
and the highest innovation investment rate among the three scenarios. The comparison
shows that the 2% innovation investment rate leads to the lowest annual CO2 emissions
(Figure 8d). However, since the reduced carbon emissions cannot make up for the reduced
free quota, the carbon trading costs tend to rise and then level off (Figure 8e). Although
Scenario 6 has the highest carbon trading costs, the competitiveness index is the highest
among these three scenarios (Figure 8g). The reduction in carbon intensity and increased
innovation investment in Scenario 6 greatly enhances the company’s competitiveness.

Table 6 shows the competitiveness index of all the scenarios over time. It shows that
the scenario with the highest innovation investment rate—Scenario 4—has the highest
competitiveness index among all scenarios. This indicates that an increase in innovation
investment is a critical factor in improving the competitiveness of the cement company. Not
only is the innovation investment index part of the competitiveness index, but innovation
investment effectively reduces the carbon intensity of products and the costs of carbon
trading.

Table 6. Competitiveness index of the cement company.

Time Scenario 0 Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6

2018 0.3547 0.3547 0.3547 0.3547 0.3547 0.3547 0.3547

2019 0.3959 0.3956 0.3953 0.4059 0.4125 0.4056 0.4120

2020 0.4121 0.4113 0.4105 0.4226 0.4296 0.4218 0.4279

2021 0.4325 0.4309 0.4294 0.4447 0.4529 0.4430 0.4496

2022 0.4434 0.4410 0.4387 0.4579 0.4682 0.4554 0.4632

2023 0.4537 0.4505 0.4475 0.4703 0.4817 0.4669 0.4749

2024 0.4636 0.4596 0.4559 0.4827 0.4956 0.4784 0.4872

2025 0.4741 0.4691 0.4647 0.4940 0.5063 0.4890 0.4962

2026 0.4834 0.4779 0.4730 0.5042 0.5188 0.4979 0.5070

2027 0.4909 0.4843 0.4787 0.5148 0.5301 0.5078 0.5162

2028 0.4975 0.4899 0.4831 0.5217 0.5385 0.5135 0.5225

2029 0.5005 0.4919 0.4846 0.5270 0.5456 0.5175 0.5271

2030 0.5030 0.4932 0.4851 0.5318 0.5522 0.5209 0.5311
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5. Conclusions

This study investigates the impact of the annual decline factor of benchmark value
and innovation investment on the competitiveness of cement companies using a system
dynamics model. The conclusions and recommendations are as follows.

First, the competitiveness of cement companies includes both explicit competitiveness,
such as profits and sales, and implicit competitiveness, such as carbon emissions intensity
and innovation investment. Cement companies with lower carbon intensity have low-
carbon competitiveness, which would help them gain an advantage in industry competition.
This advantage becomes more and more significant as the benchmark value gradually
declines. Implicit competitiveness represents the level of sustainable development to a
certain extent, and profoundly affects the overall competitiveness of cement companies.

Second, setting reasonable carbon reduction targets and lowering the benchmark
value would enhance the competitiveness of cement companies. The rapid decline in
the benchmark value leads to a rapid rise in carbon trading costs, which could bring
tremendous economic pressure to cement companies. This can even discourage companies
from investing in emission-reduction equipment and other advanced equipment, which is
detrimental to competitiveness. The government should set a fair and economical decline
factor of the benchmark value (0.97–0.99 is appropriate) according to the actual situation
of the emission-controlled industry. This not only puts appropriate financial pressure on
cement companies, but also stimulates them to make additional investments to reduce
carbon emissions, achieving a win–win for business and the environment.

Finally, cement companies should promote investment in emission reduction in multi-
ple phases. Against the background of structural adjustment in the cement industry, the
scale of the leading companies is expanding, driving the industry to gradually improve
production levels and emission-reduction levels. Cement companies that aim to improve
competitiveness are bound to keep up with the industry’s leading levels and promote
innovation investment in multiple stages. Innovation investment not only reflects compet-
itiveness but also affects carbon intensity and trading costs. Cement companies should
introduce, in a timely manner, technologies with high potential for emission reduction,
such as alternative fuels and CCUS, to enhance low-carbon competitiveness and achieve
cleaner production.

The limitation of this paper is that several assumptions in the SD model are slightly
simplistic. Accordingly, we will provide examples on how to address them in the future.
For future research, additional case studies and other greenhouse gases emissions in cement
production can also be further discussed.

Author Contributions: Conceptualization, M.Z.; methodology, J.D., M.Z., and J.Z.; software, M.Z.;
validation, J.D. and J.Z.; formal analysis, J.D. and J.Z.; investigation, M.Z.; data curation, M.Z.;
writing—original draft preparation, M.Z.; writing—review and editing, J.D. and J.Z.; supervision,
J.Z.; All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Appendix A. Model Equations

All equations in the system dynamics model are as follows:
The demand and production subsystem
(01) Total demand of the region = WITH LOOKUP (Time, ([(2018,1.482 × 108)-(2030,

1.58983 × 108)],(2018,1.482 × 108),(2019,1.671 × 108),(2020,1.708 × 108),(2021,1.701 ×
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108),(2022, 1.70636 × 108),(2023,1.70435 × 108),(2024,1.69966 × 108),(2025,1.69363 × 108),
(2026,1.67689 × 108),(2027,1.65881 × 108),(2028,1.63805 × 108),(2029,1.61528 × 108), (2030,
1.58983 × 108)))

(02) Market share factor = 0.12
(03) Cement demand = Total demand of the region * Market share factor
(04) Cement inventory = INTEG (Cement production rate—Cement sales rate, 24,000)
(05) Clinker inventory = INTEG (Clinker production rate—Cement production rate *

0.74, 40,000)
(06) Raw material inventory = INTEG (Raw material grinding rate—Clinker produc-

tion rate * 1.6, 20,000)
(07) Cement grinding capacity = 64,000
(08) Kiln capacity = 47,500
(09) Raw material grinding capacity = 76,000
(10) Days of production = 310
(11) Additives = Cement grinding capacity * 0.3
(12) Raw material grinding rate = Days of production * Raw material grinding capacity
(13) Clinker production rate = IF THEN ELSE(Raw material inventory > 0, Days of

production * Kiln capacity, 0)
(14) Cement production rate = IF THEN ELSE(Clinker inventory > 0:AND: Additives

> 0, Days of production * Cement grinding capacity, 0)
(15) Cement sales rate = IF THEN ELSE(Cement inventory > 0, MIN(Cement produc-

tion rate, Cement demand),0)
(16) Electricity consumption = Clinker production rate * 19 + Clinker production rate *

29 + Cement production rate * 34− Electricity generation
(17) Electricity generation = WITH LOOKUP (Investment in electricity generation,

([(0,0)-(6 × 108,2.626 × 108)],(0,0),(1 × 108,3.835 × 107),(2 × 108,7.865 × 107),(3 × 108,1.209
× 108), (4 × 108,1.664 × 108), (5 × 108,2.132 × 108),(6 × 108,2.626 × 108)))

(18) Number of workers = 900
The economic efficiency subsystem
(19) Annual profits = Annual revenue—Annual costs
(20) Annual costs = Labor costs + Raw material costs + Fuel costs + Electricity costs +

Annual carbon trading costs + Management costs + Operation and maintenance costs
(21) Labor costs = Worker labor costs + Training and learning costs
(22) Raw material costs = Additive unit price * Additives + Raw material unit price *

Raw material grinding rate
(23) Fuel costs = Coal consumption per ton of clinker * Clinker production rate * Fuel

unit price
(24) Electricity costs = Electricity consumption * Electricity unit price
(25) Annual carbon trading costs = (Annual CO2 emissions—Free quota) * CO2 unit

price + Penalty amount
(26) Management costs = Number of workers * Management costs rate
(27) Operation and maintenance costs = Cement sales rate * Operation and mainte-

nance costs rate
(28) Annual revenue = Carbon reduction incentives + Sales revenue
(29) Carbon reduction incentives = IF THEN ELSE (Cement carbon emissions intensity

< 0.5, 500,000, 0)
(30) Sales revenue = Cement unit price * Cement sales rate
(31) Training and learning price per person = 1000
(32) Salary per person = 80,000
(33) Innovation investment = Cumulative profits * Investment rate
(34) Investment in emission-reduction technology = Innovation investment * 0.7
(35) Investment in electricity generation = Innovation investment * 0.3
(36) Investment rate = 0.015
(37) Coal consumption per ton of clinker = 0.108
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(38) Worker labor costs = Salary per person * Number of workers
(39) Training and learning costs = Training and learning price per person * Number of

workers
(40) Cement unit price = WITH LOOKUP (Time, ([(2018,368)-(2030,446)], (2018,368),

(2019,352), (2020,365),(2021,385),(2022,400),(2025,423),(2030,446)))
(41) Additive unit price = 63
(42) Fuel unit price = WITH LOOKUP (Time, ([(2018,895)-(2030,1700)], (2018,895),

(2019,1127), (2020,1164),(2021,1389),(2022,1450),(2030,1700)))
(43) Raw material unit price = 42
(44) Electricity unit price = 0.73
(45) CO2 unit price = WITH LOOKUP (Time, ([(2018,43)-(2030,72)], (2018,43),(2019,45),

(2019.91,49.6),(2021,54.2),(2022,60),(2030,72)))
(46) Management costs rate = 1200
(47) Operation and maintenance costs rate = 8.9
(48) Cumulative carbon trading costs = INTEG (Annual carbon trading costs,0)
(49) Cumulative profits = INTEG (Annual profits,0)
The carbon emission and carbon trading subsystem
(50) Total CO2 emissions = INTEG (Annual CO2 emissions,0)
(51) Annual CO2 emissions = Clinker calcination emissions + Fuel combustion emis-

sions + Indirect emissions due to—Emission reduction per ton of clinker * Clinker produc-
tion rate

(52) Clinker calcination emissions = CO2 emissions factor 1 * Clinker production rate
(53) Fuel combustion emissions = CO2 emissions factor 2 * Clinker production rate
(54) Indirect emissions due to electricity = CO2 emissions factor 3 * Electricity generation
(55) CO2 emissions factor 1 =0.65
(56) CO2 emissions factor 2 = 0.44
(57) CO2 emissions factor 3 = 0.0008042
(58) Free quota = Benchmark value 1* Clinker production rate + Benchmark value 2 *

Cement production rate
(59) Benchmark value 1 = 0.884 * Annual decline factor ˆ(Time-2018)
(60) Benchmark value 2 = 0.025* Annual decline factor ˆ(Time-2018)
(61) Annual decline factor = 0.99
(62) Emission reduction per ton of clinker = WITH LOOKUP (Investment in emission-

reduction technology, ([(0,0)-(7.717 × 108,0.536)], (0,0),(1.0716 × 108,0.095),(1.3566 × 108,
0.122), (1.4136 × 108,0.13),(2.36835 × 108,0.218),(2.82435 × 108,0.243),(2.8842 × 108,0.248),
(3.12645 × 108, 0.268),(3.29745 × 108,0.278),(7.717 × 108,0.536)))

(63) Cement carbon emissions intensity = Annual CO2 emissions/Cement production
rate

(64) Clinker carbon emissions intensity = Annual CO2 emissions/Clinker production
rate

(65) Penalty amount = IF THEN ELSE(Cement carbon emissions intensity > 0.72,
500,000, 0)

Others
(66) Competitiveness index of the cement company = Annual profits index+ Annual

sales index + Innovation investment index + Carbon emission intensity index
(67) Annual profits index= (Annual profits/Advanced level of annual profits) * Weight

of annual profits
(68) Advanced level of annual profits = WITH LOOKUP (Time, ([(2018,7 × 109)-

(2030,2 × 1010)],(2018,9.42939 × 109),(2019,1.1013 × 1010),(2020,9.61939 × 109),(2021,8.14308
× 109),(2022,8.16872 × 109),(2023,8.15911 × 109),(2024,8.13667 × 109),(2025,8.10781 ×
109),(2026,8.02766 × 109),(2027,7.9411 × 109),(2028,7.84172 × 109),(2029,7.73272 × 109),
(2030,7.61089 × 109)))

(69) Weight of annual profits = 0.25
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(70) Annual sales index = (Cement sales rate/Advanced level of annual sales) * Weight
of annual sales

(71) Advanced level of annual sales = WITH LOOKUP (Time, ([(0,0)-(3000,8 × 107)],
(2018,6.797 × 107),(2019,7.42 × 107),(2020,7.137 × 107),(2021,7.014 × 107),(2022,7.03609 ×
107),(2023,7.02781 × 107),(2024,7.00848 × 107),(2025,6.98362 × 107),(2026,6.91459 × 107),
(2027,6.84003 × 107),(2028,6.75443 × 107),(2029,6.66054 × 107),(2030,6.5556 × 107)))

(72) Weight of annual sales = 0.37
(73) Innovation investment index = (Innovation investment/Advanced level of Inno-

vation investment) * Weight of innovation investment
(74) Advanced level of innovation investment = WITH LOOKUP (Time, ([(2018,0)-

(2030,2 × 109)],(2018,0.1),(2019,1.41441 × 108),(2020,3.06636 × 108),(2021,4.50927 × 108),
(2022,5.73073 × 108),(2023,6.95604 × 108),(2024,8.17991 × 108),(2025,9.40041 × 108),
(2026,1.06166 × 109),(2027,1.18207 × 109),(2028,1.30119 × 109),(2029,1.41882 × 109),
(2030,1.53481 × 109)))

(75) Weight of innovation investment = 0.17
(76) Carbon emission intensity index = (Advanced level of carbon emission inten-

sity/Cement carbon emissions intensity) * Weight of carbon emission intensity
(77) Advanced level of carbon emission intensity = 0.795-RAMP(0.01, 2018, 2030)
(78) Weight of carbon emission intensity = 0.21

Appendix B. Parameters Setting

The parameters in the system dynamics model are valued and described as follows:

Table A1. The parameters of demand and production subsystem.

Parameter Value Unit Source

Total demand of the
region

Table functions in
Appendix A t/year China Statistical Yearbook, Zhang

et al. [50]

Market share factor 0.12 - T Cement company data

Raw material
grinding capacity 76,000 t/d T Cement company data

Kiln capacity 47,500 t/d T Cement company data

Cement grinding
capacity 64,000 t/d T Cement company data

Clinker-cement ratio 0.74 - T Cement company data

Raw material-clinker
ratio 1.60 - T Cement company data

Days of production 310 d/year T Cement company data

Number of workers 900 people T Cement company data

Electricity
consumption of raw

material grinding
19 kWh/t

Industry average, the norm of
energy consumption per unit

product of cement (GB16780-2021)

Electricity
consumption of

clinker calcination
29 kWh/t

Industry average, the norm of
energy consumption per unit

product of cement (GB16780-2021)

Electricity
consumption of

cement production
34 kWh/t

Industry average, the norm of
energy consumption per unit

product of cement (GB16780-2021)

Electricity generation Table functions in
Appendix A kWh/year Lu et al. [55]
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Table A2. The parameters of economic efficiency subsystem.

Parameter Value Unit Source

Training and learning
price per person 1000 yuan/people·year T Cement company data

Salary per person 80.000 yuan/people·year T Cement company data

Management costs rate 1200 yuan/people·year T Cement company data

Coal consumption per
ton of clinker 0.108 tce/t

Industry average, the
norm of energy

consumption per unit
product of cement

(GB16780-2021)

Investment rate 0.015 - T Cement company data

Additive unit price 63 yuan/t Average market price

Raw material unit price 42 yuan/t Average market price

Electricity unit price 0.73 yuan/kWh Electricity price list of
Guangdong Province

CO2 unit price Table functions in
Appendix A yuan/t

Guangzhou Carbon
Emissions Rights

Exchange

Cement unit price Table functions in
Appendix A yuan/t China Cement

Association

Fuel unit price Table functions in
Appendix A yuan/t China Coal Economic

Network

Operation and
maintenance costs rate 8.9 yuan/t·year T Cement company data

Table A3. The parameters of carbon emission and carbon trading subsystem.

Parameter Value Unit Source

CO2 emissions factor
1 0.65 - Industry research data, Tan et al.

[56]

CO2 emissions factor
2 0.44 - Industry research data, Tan et al.

[56]

CO2 emissions factor
3 0.0008042 tCO2/kWh China Electricity Yearbook

Benchmark value 1 0.884 tCO2/t.cl Guangzhou Carbon Emissions
Rights Exchange

Benchmark value 2 0.025 tCO2/t Guangzhou Carbon Emissions
Rights Exchange

Annual decline factor 0.99 - Guangzhou Carbon Emissions
Rights Exchange

Emission reduction
per ton of clinker

Table functions in
Appendix A tCO2/t.cl Price, Tan et al. [51,52]
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Table A4. Other parameters.

Parameter Value Unit Source

Weight of annual profits 0.25 - Gao [53]

Weight of annual sales 0.37 - Gao [53]

Weight of innovation
investment 0.17 - Gao [53]

Weight of carbon
emission intensity 0.21 - Gao [53]

Advanced level of annual
profits

Table functions in
Appendix A yuan/year H and J Company data

Advanced level of annual
sales

Table functions in
Appendix A t/year H and J Company data

Advanced level of
innovation investment

Table functions in
Appendix A yuan/year H and J Company data

Advanced level of carbon
emission intensity

Table functions in
Appendix A tCO2/year H and J Company data
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