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ABSTRACT 
The cement industry is one of the largest producers of carbon dioxide emissions and thus needs production-
planning models that produce profit while simultaneously being environmentally sustainable. This study presents 
an integrated optimization method of Activity Based Costing(TOC) to analyse the impact of carbon tax, tax 
exemptions, emissions trading, environmental, social and governance requirements, and production-resource 
constraints on optimisation of cement manufacturing decisions. Five carbon-pricing models are developed. These 
models are: continuous incremental progressive carbon-tax structure, tax-exemption mechanism, emissions-
trading mechanism, combined tax-exemption and emissions-trading mechanism, and discontinuous incremental 
progressive carbon-tax structure. The models include raw-material costs, labour costs, operational costs, fixed 
costs, carbon-emission costs, production capacity, other raw-material usage, and carbon-emission restrictions. 
LINGO 20 is used to calculate the best product mix and to analyse the profitability and environmental effects in 
the five policy scenarios. It is found that the total profit in the results of the model 3 is $22.74486 billion, the 
highest total profit among all of the models. The models can also be used to help target a reduction in the carbon-
emission ratio and help with the progressive use of alternative materials. Based on sensitivity analysis, the higher 
the rate of the carbon tax, the more likely the profitability of the models will decrease. The proposed framework 
offers a pragmatic decision support tool for both cement manufacturers and policy makers who are aiming to 
navigate the trade-offs between profitability, emissions, resource efficiency, and ESG performance. 
Keywords: Carbonation; Emissions; Taxation; Trading; Sustainability; Optimization 
1. INTRODUCTION 
The rapid economic and industrial development has brought on environmental issues like greenhouse gas 
emission, air pollution, and consumption of natural resources. This has led to an increased focus of governments, 
investors, industries and communities on environmental responsibility in the corporate world. Environmental 
impacts become a key part of the regulatory landscape, company image and reputation, the investment climate, 
and the long-term competitiveness of industrial enterprises. This has led to the incorporation of Environmental, 
Social and Governance (ESG) principles in corporate planning becoming an important strategic priority [1]. To 
date, however, there are only few sector-specific decision-support models which address environmental policies, 
production limitations and financial outcomes in carbon intensive sectors together [2]. 
In this regard, cement industry is one of the most relevant sectors as it is associated with significant CO2 emissions 
and energy consumption during cement production [3]. Emissions include those from burning fuels, and also 
emissions from the calcination of limestone. Calcium Carbonate (CaCO3) undergoes calcination to produce 
Calcium Oxide (CaO) and Carbon Dioxide (CO2) which is inevitable in the process [4]. So the impacts of carbon 
taxes and emissions trading on policy decisions regarding cement production are of significant policy and practical 
interest [5]. 
In this study, the authors analyse the profitability, production planning, carbon cost and ESG performance of the 
cement manufacturers under various carbon pricing regimes [6]. It compares and analyzes five multi-period 
models that combine different emission taxes, emissions allowances, tax exemption, and discontinuous tax 
systems. The aim is to determine the best combination of products for the greatest profit when considering carbon 
cost, resource constraints, alternative material needs, and emissions reduction goals. The activity-based costing 
(ABC) is used to make more accurate cost allocation by assigning the cost of raw materials, labour, operations 
and environment to the activities, and products that create them [17,18]. Theory of Constraints is used to find 
production constraints and environmental constraints that hinder the performance of an organisation [19]. The use 
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of ABC and TOC therefore sets a good framework for analysing the effects of cost drivers and resource limitations 
on the optimality of production decisions. 
A carbon tax can be imposed on the emissions of GHGs and incentivize companies to either cut emissions or 
adopt new technologies that help the companies to reduce emissions [10,11]. Emissions trading is another market-
based tool for trading carbon credits based on their emissions position. The economic basis for emissions trading 
is linked to the efficient allocation of the emission rights with clearly defined property rights and low transactions 
costs [12,13]. However, few studies have done a multi-treatment comparison of several different carbon-tax and 
emissions-trading regimes in a sector-specific optimization program [14]. 
ESG performance goes beyond financial results to include the social, environmental and governance practices of 
a company [15]. The environmental indicators that are relevant to cement manufacturers are carbon-emission 
intensity and the use of alternative materials. The current study, therefore, takes the progressively lowering carbon-
emission limits and rising requirement for alternative materials into the optimization framework. The proposed 
ABC – TOC framework is designed to differ from traditional profit maximisation approaches, by taking into 
account product revenues, activity-related costs, carbon pricing mechanisms, ESG targets and production 
constraints. ABC offers a detailed cost information, and TOC describes the constraints which affect product-mix 
and resource-allocation decisions. The study offers evidence on the financial and environmental outcomes of 
operating a cement plant across five policy options through a comparison. 
The mathematical programming models are solved using LINGO 20, and the product mix which maximizes the 
total profit within the developed constraints is identified. The model takes four product categories into account 
and includes revenues, raw-material usage, labour costs, operational activities, machine capacity, the costs for 
carbon emissions, fixed costs, production needs, and ESG costs. Solutions obtained are then compared with 
respect to the total profit, carbon cost, emission performance and utilization of resources. The sensitivity analysis 
also considers the impact of varying prices on the profitability. This analysis is required due to the potential for 
carbon prices to change as a result of regulatory changes, inflation, political decisions, market conditions, or 
national climate commitments. [32] The study compares policy structures with different unit carbon-tax costs by 
keeping other parameters fixed to identify which policy structures are more sensitive to changes in the carbon tax. 
This is informative for both manufacturers and policy makers about the financial viability of alternative methods 
of carbon pricing. 
The main purpose of this study is to create an integrated decision-support system for investigating the effect of 
various carbon-pricing policies on the profitability of cement manufacturers and environmental impacts. 
Specifically, the study aims at: 
1. Propose an integrated framework of ABC-TOC solution in multi-period cement-production planning; 
2. Compare five alternate models of carbon tax, tax exemption and emissions trading; 
3. Calculate the maximum product mix and overall profit for each policy situation; and 
4.  Assess the impacts of carbon pricing on carbon-emission costs and ESG measures; 
5.  Evaluate the declining carbon-emission ratio and the growing preference for other materials; and 
6. examine the sensitivity of profitability to changes in carbon-tax rates. 
The study has several contributions to make. It brings together management accounting, production constraints, 
carbon taxation, emission trading, and ESG together in one mathematical framework. Second, it compares five 
different possible configurations of carbon pricing within a single country, at the firm level, and does not consider 
a single tax structure. Third, it includes multi-period environmental targets reflecting the fact that emissions 
reduction and resource substitution is a process. In addition, it illustrates the direct incorporation of carbon costs 
into product-mix decisions. Last but not least, it offers a practical analytical tool to help cement companies achieve 
a balance between profitability, environmental compliance, resource efficiency, and sustainability for long-term 
success. The results are also applicable to policy makers. Carbon-pricing policies might have unintended 
economic effects or not be able to provide environmental benefits if they do not take into account the constraints 
on firm production. The model can help policy-makers evaluate if tax exemptions, progressive rates, or emissions-
trading schemes are sufficiently firm but also flexible enough to achieve a balance to achieve an optimal policy 
structure. 
This study tackles the challenges of creating an operationally comprehensive and environment friendly decision 
model in the cement sector. It integrates the various aspects of taxation, trading, costing and production constraints 
within a unified optimization framework, overcoming the limitation of the traditional approach that treats them as 
separate evaluations. The resulting analysis also yields evidence of the impact of carbon-pricing policies on 
production decisions and the policy setup that offers the highest likelihood of achieving a favourable profitability 
outcome with the necessary emissions-reduction and alternative-material goals. 
2. RESEARCH METHODS 
2.1. Cement Production Process and ESG Indicators 
Figure 1 shows a broad view of the cement manufacturing process, highlighting all the essential steps: raw material 
grinding (m = 1), the calcination process (m = 2), grinding of cement (m = 3) and the three different stages of 
batching (m = 4, m = 5, m = 6). A great step forward in this process is the use of 'waste' from different industries 
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as raw materials. The high temperatures, high turbulence and long retention time in the calcination phase of the 
process (m = 2) are effective in the treatment of the waste material [21]. As a result of the calcination process 
valuable byproducts are generated such as sludge and slag, as well as essential elements to be re-introduced to the 
manufacturing chain, such as silicon, aluminium, iron and calcium. This approach not only assists in the 
management of waste but also plays a significant role in lowering expenses, thereby enhancing the overall 
efficiency and sustainability of the process. 

 
Figure 1. Cement Production Process. 
This research sets these different targets for the timeframe 2023-2025 with the aim of reducing greenhouse gas 
emissions and improving resource recycling processes. The goals to reduce GHG emissions focus on the CO₂ 
emissions from the production of cementitious materials per tonne of product, based on the 2016 reference. While 
the targets for the years 2023 and 2024 have not been set, it is clear that the target for 2025 is set to be an 11% 
reduction. The research sets a specific number of tonnes to be recycled: 1.14 million tonnes in 2023, to be followed 
by 1.2 million tonnes in 2024 and 1.25 million tonnes in 2025. These goals represent a strategic move towards 
more sustainable farming practices. 
The basic ESG related indicators from the cement sustainability report have been used in the analysis [22]. 
Emphasis is given to reducing carbon dioxide emissions and using alternative materials to produce the goods. The 
framework employs the Theory of Constraints to methodically diminish CO2 emissions each year, all the while 
enhancing the utilisation of alternative materials. This strategy seeks to harmonise with ecological sustainability, 
minimise carbon emissions, and enhance resource utilisation, showcasing a dedication to enduring industrial 
methodologies. 
2.2. Research Assumptions 
The cement industry will be used as a case study to investigate the cost impacts of carbon taxes and carbon credits 
(carbon rights) on financial results of corporations and ESG indicators. In the combination of the ACTIVITY 
BASED COSTING and the THEORY OF CONSTRAINTS, a thorough decision making process for production 
in the organization is created [24]. Then, mathematical programming methods are used to examine the effects of 
the carbon tax and the cost of the carbon credits on the environmental, social and governance (ESG) indicators 
and profits. The following assumptions are made for the purpose of eliminating the influence of any uncontrollable 
external factors: 
The unit prices remain constant during the manufacturing process, while the cement price (i = 1), concrete price 
(i = 2), high-fluidity concrete price (i = 3), and the self-compacting concrete price (i = 4) are the main products 
manufactured by the organization.  
A total of seven primary raw materials are utilised: Clinker (j = 1), Gypsum (j = 2), alternative materials (j = 3), 
Cement (j = 4), Aggregates (j = 5), Water (j = 6), and Pyrite (j = 7). The expenses of these materials cost the same 
throughout production. 
Incorporating waste from different industries, waste products become an alternative such as sludge, slag (si, al, 
fe, ca), components etc are used as basic resources. This will not only help to make waste management easier but 
also help to save money.  
The use of alternatives to materials is considered an important ESG indicator for the organization, and the amount 
of these alternatives will be increased annually, which will lead to the goal of “Net Zero Emissions by 2050.”  
Along the manufacturing process, each of the manufacturing stages are classified at the unit-level, batch-level and 
product-level.  
Overtime work is allowed as per the procedure and policy and overtime pay is admissible in accordance with the 
applicable overtime rates as per the procedure and policy by personnel from human resources department. In 
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addition, all equipment and human resources are operated at 100% efficiency with no idle equipment and labour 
is paid the same amount throughout the production process.  
There is a carbon tax on the production of each individual unit of product, so that the cost of the tax depends on 
the number of units produced.  
The cost of trading carbon credits is expected to be negligible for individual companies, while the limitations on 
carbon credit trading will be determined by governmental rules that are likely to remain unchanged over the next 
few years.  
The amount of carbon emission reduction (tons of CO2 per ton of binder material) is steadily increasing every 
year in line with the goal of becoming "Net Zero Emissions by 2050”. 
2.3 “Objective Function 
2.3.1. General Formula for the Objective Function 
The objective is to maximize profit (π). This is calculated as the total revenue from cement and concrete sales 
minus the total costs, which include direct material costs, direct labor costs, batch-level operational costs, product-
level operational costs, carbon emission costs, and fixed expenses. To maximize profit (π), the formula is defined 
as follows [23]: 
π = Total Revenue from Cement and Concrete Sales − Total Direct Material Costs − Total Direct Labor Costs 
−Total Batch − Level operational Costs − Total Product − Level operational Costs 
−Total Carbon Emission Costs − Total Fixed Costs 
The general form of a multi-period objective function might be expressed as: 
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These definitions provide a structured framework for the mathematical modeling of the cement production 
process, taking into account various factors like product types, raw materials, production processes, and temporal 
dynamics. 

𝑖Product index where 𝑖 = 1 to 4. Products are: 𝑖 = 1 (Finished Cement), 𝑖 = 2 
(Traditional Concrete), 𝑖 = 3 (High Fluidity Concrete), 𝑖 = 4 (Self-compacting 
Concrete). 
𝑗Raw material index where 𝑗 = 1 to 7. Raw materials are: 𝑗 = 1 (Clinker), 𝑗 = 2 
(Gypsum), 𝑗 = 3 (Alternative Materials), 𝑗 = 4 (Cement), 𝑗 = 5 (Aggregates), 𝑗 = 6 
(Water), 𝑗 = 7 (Chemical Additives). 
𝑚Process index where 𝑚 = 1 to 6. Processes are: 𝑚 = 1 (Raw Meal Grinding), 𝑚 = 2 
(Calcination), 𝑚 = 3 (Cement Grinding), 𝑚 = 4, 𝑚 = 5, 𝑚 = 6 (Batching). 
𝑡Time period index where 𝑡 = 1 to 3. 
𝑃௜Unit price of the 𝑖௧௛ product for different time periods (𝑡 = 1,2,3). 
𝑋௜௧Quantity of the 𝑖௧௛ product in period 𝑡 (𝑖 = 1 ∼ 4; 𝑡 = 1 ∼ 3). 
𝑀𝑄௜௝௧Quantity of the 𝑗௧௛  raw material required for producing one unit of the 𝑖௧௛ product 
during the 𝑡௧௛ time period (𝑖 = 1 ∼ 4; 𝑗 = 1 ∼ 7; 𝑡 = 1 ∼ 3). 
𝐶𝐷𝐿଴ 
𝐶𝐷𝐿ଵTotal direct labor costs at points 𝐶𝐷𝐿଴, 𝐶𝐷𝐿ଵ and 𝐶𝐷𝐿ଶ respectively. 
𝐶𝐷𝐿ଶ 
𝜂ଵ௧ , 𝜂ଶ௧Non-negative variables for period 𝑡, with at most two adjacent variables being 
non-zero (𝑡 = 1 ∼ 3). 
𝐵𝐿𝐶௠Unit batch-level cost in the 𝑚௧௛ process (𝑚 = 3 ∼ 6). 
𝛼௜௠Resource consumption per batch for the 𝑖௧௛ product in the 𝑚௧௛ batch-level process 
(= 1 ∼ 4; 𝑚 = 3 ∼ 6). 
𝑞௜௠௧Number of batches for the 𝑖௧௛ product in the 𝑚௧௛ process during period 𝑡 (𝑖 = 1 ∼ 4; 
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𝑚 = 3 ∼ 6; 𝑡 = 1 ∼ 3). 
𝛽௜௠Number of batches for the 𝑖௧௛ product in the 𝑚௧௛ batch-level process (𝑖 = 1 ∼ 4; 
𝑚 = 3 ∼ 6). 
𝑃𝐿𝐶௠Unit product-level cost in the 𝑚௧௛  process (𝑚 = 3 ∼ 6). 
𝜇௜௠Resource consumption for the 𝑖௧௛ product in the 𝑚௧௛  product-level process (𝑖 = 1 ∼ 4; 
𝑚 = 3 ∼ 6). 
Γ௜௧Binary variable for period 𝑡, determining whether the 𝑖௧௛ product is produced (1 if 
produced, 0 otherwise) (𝑖 = 1 ∼ 4; 𝑡 = 1 ∼ 3). 
𝐹௧Total fixed cost in period 𝑡 (𝑡 = 1 ∼ 3). 

2.3.2. Direct Material Cost Function 
This study assumes cement producers primarily use seven raw materials: clinker ( 𝑗 = 1 ), gypsum ( 𝑗 = 2 ), 
alternative materials ( 𝑗 = 3 ), cement ( 𝑗 = 4 ), aggregates ( 𝑗 = 5 ), water ( 𝑗 = 6 ), and Pyrite ( 𝑗 = 7 ). In the 
multi-period model, the usage of alternative materials ( 𝑗 = 3 )will be progressively increased each year to meet 
the ESG targets by 2025, with the direct costs of these materials factored into the profit function. 
With constraints: 

෍(𝑀

ସ

௜ୀଵ

𝑄௜௝௧𝑋௜௧) ≤ 𝑈𝐵𝑀𝑄௝௧(𝑗 = 1 ∼ 7; 𝑡 = 1 ∼ 3)(1) 

෍(𝑀

ସ

௜ୀଵ

𝑄௜௝௧𝑋௜௧) ≥ 𝐿𝐵𝑀𝑄௝௧(𝑗 = 1 ∼ 7; 𝑡 = 1 ∼ 3)(2) 

 
Symbol Definitions: 

𝑀𝐶௝Unit cost of the 𝑗௧௛ raw material, (𝑗 = 1 ∼ 7) 

𝑀𝑄௜௝௧Quantity of the 𝑗௧௛ raw material required per unit of the 𝑖௧௛ product (𝑖 = 1 ∼ 4; 𝑗 = 1 ∼ 7; 

𝑡 = 1 ∼ 3) 
𝑈𝐵𝑀𝑄௝௧Upper limit on the available quantity of the 𝑗௧௛  raw material in period 𝑡 (𝑗 = 1 ∼ 7; 

𝑡 = 1 ∼ 3) 
𝐿𝐵𝑀𝑄௝௧Lower limit on the available quantity of the 𝑗௧௛ raw material in period 𝑡 (𝑗 = 3; 𝑡 = 1 ∼ 3) 

2.3.3. Direct Labor Cost Function 
In the cement production process, direct labor, including regular and overtime hours, is a key component. This 
study assumes that the total direct labor cost function is a continuous piecewise linear function, as illustrated in 
Figure 2. If the required direct labor hours exceed regular working hours, two different wage rates are applied for 
the two types of labor hours. It’s assumed that the wage rates for each segment in Figure 2 are 𝑊𝑅଴, 𝑊𝑅ଵ,and 
𝑊𝑅ଶ,representing different rates for varying work hour segments [25]. 

 
Figure 2. Direct Labor Cost Function. 
Associated constraints for the labor cost function are also defined: 
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𝜂଴௧ − Ωଵ௧ ≤ 0(4) 
𝜂ଵ௧ − Ωଵ௧ − Ωଶ௧ ≤ 0(5) 
𝜂ଶ௧ − Ωଶ௧ ≤ 0(6) 
𝜂଴௧ + 𝜂ଵ௧ + 𝜂ଶ௧ = 1(7) 
Ωଵ௧ + Ωଶ௧ = 1(8) 
Ωଵ௧ , Ωଶ௧ = 0,1(9) 
0 ≤ 𝜂଴௧ , 𝜂ଵ௧ , 𝜂ଶ௧ ≤ 1(10) 
𝑡 = 1 ∼ 3 

 
Symbol Definitions: 

𝑋௜௧Quantity of the 𝑖௧௛ product in period 𝑡, (𝑖 = 1 ∼ 4; 𝑡 = 1 ∼ 3) 
𝜂଴௧ , 𝜂ଵ௧ , 𝜂ଶ௧Non-negative variables where at most two adjacent variables are not 0, (𝑡 = 1 ∼ 3) 
Ωଵ௧ , Ωଶ௧Dummy variables (0,1), where only one can be 1 for each period (𝑡 = 1 ∼ 3) 
𝐻𝑅𝐿௜௠Labor hours required to produce one unit of the 𝑖௧௛ product in the 𝑚௧௛ process. 
𝐻𝐷𝐿଴The total number of labor hours under normal circumstances 
𝐻𝐷𝐿ଵMaximum number of labor hours falling in the first overtime segment, as shown in 
Figure 2 
𝐻𝐷𝐿ଶMaximum number of labor hours in the second overtime segment, as indicated in 
Figure 2 

 2.3.4. Batch-Level Operational Costs 
It’s assumed that four operational activities in the cement production process require estimation of machine 
handling costs: cement grinding ( 𝑚 = 3 )and three batching processes (𝑚 = 4, 𝑚 = 5, 𝑚 = 6). These costs are 
deducted in the profit function [26]. 
The related constraint functions are: 

𝑋௜௧ ≤ 𝛽௜௠𝑞௜௠௧(𝑖 = 1 ∼ 4; 𝑚 = 3 ∼ 6; 𝑡 = 1 ∼ 3)(11) 
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𝑞௜௠௧ ≤ 𝑅௠(𝑚 = 3 ∼ 6; 𝑡 = 1 ∼ 3)(12) 

 
Symbol Definitions: 

𝐵𝐿𝐶௠Unit machine handling cost for the 𝑚௧௛  process 
𝛼௜௠Resource consumption per batch for the 𝑖௧௛ product in the 𝑚௧௛ process (𝑖 = 1 ∼ 4; 
𝑚 = 3 ∼ 6) 
𝛽௜௠Output per batch for the 𝑖௧௛ product in the 𝑚௧௛ process (𝑖 = 1 ∼ 4; 𝑚 = 3 ∼ 6) 
𝑅௠Maximum available resources for the 𝑚௧௛ batch-level operation (𝑚 = 3 ∼ 6) 

 
3.3.5. Product-Level Operational Costs 
It is assumed that product-level operation costs, specifically for product batching, need to be estimated for four 
activities: cement grinding ( 𝑚 = 3 )and three batching processes (𝑚 = 4, 𝑚 = 5, 𝑚 = 6). These product 
batching costs are subtracted from the profit function. 
Constraint inequality includes: 

෍ 𝜇௠
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Γ௜௧ ≤ 𝑃௠(𝑚 = 3 ∼ 6; 𝑡 = 1 ∼ 3)(13) 

 
Symbol Definitions: 

𝑃𝐿𝐶௠Unit cost of product batching for the 𝑚௧௛ process 
𝜇௜௠Resource consumption for the 𝑖௧௛ product in the 𝑚௧௛  process (𝑖 = 1 ∼ 4; 𝑚 = 3 ∼ 6) 
Γ௜௧Dummy variable (0,1) for period 𝑡, determining whether the 𝑖௧௛ product is produced 
(𝑖 = 1 ∼ 4; 𝑡 = 1 ∼ 3) 
𝑃௠Maximum available resources for the 𝑚௧௛ product-level operation (𝑚 = 3 ∼ 6) 

 
3.3.6. Constraints of Machine Hours 
It’s assumed that three types of automated equipment are used in the manufacturing process: raw meal grinding 
( 𝑚 = 1 ), calcination ( 𝑚 = 2 ), and cement grinding ( 𝑚 = 3 ), replacing traditional manual labor to enhance 
efficiency. 
The related constraint inequality for machine hours is: 

෍ 𝑀
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𝐻௜௠𝑋௜௧ ≤ 𝐿𝑀𝐻௠(𝑚 = 1 ∼ 3; 𝑡 = 1 ∼ 3)(14) 
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Symbol Definitions: 

𝑀𝐻௜௠Machine hours required to complete one unit of the 𝑖௧௛ product in the 𝑚௧௛  process 
(𝑚 = 1 ∼ 3) 
𝐿𝑀𝐻௠Upper limit of available machine hours for the 𝑚௧௛ process (𝑚 = 1 ∼ 3) 

2.4. Carbon Tax Cost Function Model 
2.4.1. Model 1: Continuous Incremental Progressive Tax Rate Function for Carbon Tax 
This study develops a model for a continuous incremental progressive carbon tax function for the cement industry. 
The cost functions for multiple periods are designed to optimize profit while considering carbon tax expenses. 
The models are summarized as follows [27]: 
Figure 3 shows the function of carbon tax cost in the continuous incremental progressive tax rate. In Figure 3, the 
upper limit of carbon emission quantity in the first, second and third sections is 𝐶𝐸𝑄ଵ, 𝐶𝐸𝑄ଶand 𝐶𝐸𝑄ଷ, the carbon 
tax costs at the three points of 𝐶𝐸𝑄ଵ, 𝐶𝐸𝑄ଶand 𝐶𝐸𝑄ଷare 𝐶𝑇ଵ, 𝐶𝑇ଶand 𝐶𝑇ଷrespectively, and the carbon tax rates 
are 𝑇𝑅ଵ, 𝑇𝑅ଶand 𝑇𝑅ଷrespectively. 

 
  
Figure 3. Carbon Tax Costs Function with Progressive Rates. 
General expression of carbon tax cost function in Figure 3 is shown as follows: 

1 1

1 1 2 1 1

2 2 3 1

* , 0 ;

( ) ( ) , ; (15)

( ) , ;

q TR if q CEQ

f q CT q CEQ TR ifCE Q q CEQ

CT q CEQ TR ifCE Q q

 
    
   

 

The general formula of the carbon tax cost function (15) is derived from this representation. It is a function of the 
company’s total carbon emissions (𝑞)and is applied in a mathematical programming model. The model includes 
assumed carbon tax costs function (16), which are deducted from the company’s total profit, along with related 
restrictions (17)–(25). 
Multi-Period Carbon Tax in Objective Function: 

෍ 𝐶

ଷ

௧ୀଵ

𝑇௜ = 𝐶𝑇ଵ𝑣ଵ௧ + 𝐶𝑇ଶ𝑣ଶ௧ + 𝐶𝑇ଷ𝑣ଷ௧(16) 

 
Related Constraints: 

ා ෍ 𝐶

଺

௠ୀଵ

ସ

௜ୀଵ

𝐸௜௠𝑋௜௧ = 𝐶𝐸𝑄ଵ𝑣ଵ௧ + 𝐶𝐸𝑄ଶ𝑣ଶ௧ + 𝐶𝐸𝑄ଷ𝑣ଷ௧(17) 

𝑣଴௧ − 𝜔ଵ௧ ≤ 0(18) 
𝑣ଵ௧ − 𝜔ଵ௧ − 𝜔ଶ௧ ≤ 0(19) 
𝑣ଶ௧ − 𝜔ଶ௧ − 𝜔ଷ௧ ≤ 0(20) 
𝑣ଷ௧ − 𝜔ଷ௧ ≤ 0(21) 
𝑣଴௧ + 𝑣ଵ௧ + 𝑣ଶ௧ + 𝑣ଷ௧ = 1(22) 
𝜔ଵ௧ + 𝜔ଶ௧ + 𝜔ଷ௧ = 1(23) 
0 ≤ 𝑣଴௧, 𝑣ଵ௧, 𝑣ଶ௧, 𝑣ଷ௧ ≤ 1(24) 
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𝜔ଵ௧, 𝜔ଶ௧, 𝜔ଷ௧ = 0,1(25) 
𝑡 = 1 ∼ 3 

In the example, the total optimized profit across three periods ( 𝑡 = 1 to 3) amounts to $22,473,270,000. The profit 
is highest in the initial period, with subsequent periods showing a decline due to increased use of alternative 
materials and stricter carbon emission limits. The model also captures a decreasing trend in carbon emission ratios 
𝐶𝐸𝑅ଵto 𝐶𝐸𝑅ଷover the considered timeframe [28]. 
2.4.2. Model 2: Continuous Incremental Progressive Carbon Tax Function with Tax Exemption 
Model 2 of the study considers continuous incremental progressive carbon tax function with tax exemption. The 
carbon tax cost function of the progressive tax rate for continuous allowance increase is illustrated in Figure 4. In 
this figure, 𝐶𝐸𝑄଴represents the total carbon emissions granted by the government for tax exemption, which are 
not subject to taxation within the carbon emission allowance. The first, second, and third interval have a capped 
carbon emission quantity at 𝐶𝐸𝑄ଵ, 𝐶𝐸𝑄ଶand 𝐶𝐸𝑄ଷrespectively. 𝐶𝑇ଵ, 𝐶𝑇ଶand 𝐶𝑇ଷdenote the cost of carbon tax at 
these respective levels while 𝑇𝑅ଵ, 𝑇𝑅ଶand 𝑇𝑅ଷrepresent their corresponding tax rates. 

 
Figure 4. Continuous Incremental Progressive Carbon Tax Function with Tax Exemption. 
Henceforth, we can express the carbon tax cost function in Figure 4 as function (26), which serves as a general 
formula encompassing continuous carbon tax costs with allowances. When calculating the company’s overall 
profit, it is necessary to deduct the assumed carbon tax costs specified by (27) and (28) in this model. Constraints 
related to the cost of carbon taxes are defined by (28)–(36). 
The general formula for the carbon tax cost function is: 
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In a multi-period scenario, the function is defined in the objective function as: 

෍ 𝐶

ଷ

௧ୀଵ

𝑇௜ = 𝐶𝑇ଵ𝜀ଵ௧ + 𝐶𝑇ଶ𝜀ଶ௧ + 𝐶𝑇ଷ𝜀ଷ௧(27) 

 
The related constraints for the carbon tax cost function are: 

ා ෍ 𝐶

଺

௠ୀଵ

ସ

௜ୀଵ

𝐸௜௠𝑋௜௧ ≤ 𝐶𝐸𝑄଴ + (𝐶𝐸𝑄ଵ − 𝐶𝐸𝑄଴)𝜀ଵ௧ + (𝐶𝐸𝑄ଶ − 𝐶𝐸𝑄଴)𝜀ଶ௧ 

+(𝐶𝐸𝑄ଷ − 𝐶𝐸𝑄଴)𝜀ଷ௧(28) 
𝜀଴௧ − 𝜔ଵ௧ ≤ 0(29) 
𝜀ଵ௧ − 𝜔ଵ௧ − 𝜔ଶ௧ ≤ 0(30) 
𝜀ଶ௧ − 𝜔ଶ௧ − 𝜔ଷ௧ ≤ 0(31) 
𝜀ଷ௧ − 𝜔ଷ௧ ≤ 0(32) 
𝜀଴௧ + 𝜀ଵ௧ + 𝜀ଶ௧ + 𝜀ଷ௧ = 1(33) 
𝜔ଵ௧ + 𝜔ଶ௧ + 𝜔ଷ௧ = 1(34) 
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0 ≤ 𝜀଴௧, 𝜀ଵ௧ , 𝜀ଶ௧ , 𝜀ଷ௧ ≤ 1(35) 
𝜔ଵ௧ , 𝜔ଶ௧ , 𝜔ଷ௧ = 0,1(36) 
𝑡 = 1 ∼ 3 

The total best profit for the enterprise over several periods is $22,506,340,000 of which the highest profit is in the 
first period. The second and third periods have lower profits because alternative materials' lower limits are taken 
into account and carbon emissions' upper limits are not. Moreover, it is evident that the carbon emission ratio 
shows a downtrend over time [29]. 
2.4.3. Model 3: Continuous Incremental Progressive Carbon Tax Function with Carbon Trading 
If the government permits carbon trading, then the costs and benefits of carbon credits should also be taken into 
account, in addition to the carbon tax costs. This section builds upon the continuous incremental progressive 
carbon tax cost function of Section 2.4.1, and extends the model assumptions to include carbon trading functions. 
This study assumes that the company uses a single carbon credit price (α)to purchase or sell carbon credits. Thus, 
the cost function of carbon tax (plus the cost of carbon credit) is (37) for continuous incremental progressive 
carbon tax. 
The multi-period carbon tax objective function, with carbon trading, is formulated as follows: 

෍ 𝐶

ଷ

௧ୀଵ

𝑇௜ = ൥෍(

ଷ

௧ୀଵ

𝐶𝑇ଵ𝑣ଵ௧ + 𝐶𝑇ଶ𝑣ଶ௧ + 𝐶𝑇ଷ𝑣ଷ௧) − 𝛼(𝑀𝐶𝐸𝑄− ∑ 𝑞௧
ଷ
௧ୀଵ )൩ 𝜎ଵ  

+ ൥෍(

ଷ

௧ୀଵ

𝐶𝑇ଵ𝑣ଵ௧ + 𝐶𝑇ଶ𝑣ଶ௧ + 𝐶𝑇ଷ𝑣ଷ௧) + 𝛼(∑ 𝑞௧
ଷ
௧ୀଵ −𝑀𝐶𝐸𝑄)൩ 𝜎ଶ(37) 

 
The related constraints are as follows: 

𝑞௧ = ා ෍ 𝐶

଺

௠ୀଵ

ସ

௜ୀଵ

𝐸௜௠𝑋௜௧ = Λଵ + Λଶ(38) 

0 ≤ Λଵ ≤ 𝜎ଵ𝑀𝐶𝐸𝑄(39) 
𝜎ଶ𝑀𝐶𝐸𝑄 < Λଶ ≤ 𝜎ଶ𝑀𝑃𝐶𝐸𝑄(40) 
𝜎ଵ + 𝜎ଶ = 1(41) 
𝑡 = 1 ∼ 3 

With the multi-period continuous incremental progressive carbon tax function and the carbon trading (Model 3), 
the optimal profit is $22,744,860,000. Incorporating carbon credits into profit function, as in Model 1 [30] the 
profits are higher. 
2.4.4. Model 4: Continuous Incremental Progressive Carbon Tax Objective Function 
The assumptions are build on the continuous incremental progressive carbon tax cost function from Section 2.4.1 
and include the tax exemption provided by the government from Section 2.4.2 and carbon trading from Section 
2.4.3. It is hypothesized that the company trades carbon at one carbon credit price (α) and thus the incremental 
progressive carbon tax cost function is now written as (42) plus the cost of carbon tax exemption. 
The multi-period model continuous incremental progressive carbon tax cost function with tax exemption and 
carbon credits is: 

෍ 𝐶

ଷ

௧ୀଵ

𝑇௜ = ൥෍(

ଷ

௧ୀଵ

𝐶𝑇ଵ𝜀ଵ௧ + 𝐶𝑇ଶ𝜀ଶ௧ + 𝐶𝑇ଷ𝜀ଷ௧) − 𝛼(𝑀𝐶𝐸𝑄− ∑ 𝑞௧
ଷ
௧ୀଵ )൩ 𝜎ଵ 

+ ൥෍(

ଷ

௧ୀଵ

𝐶𝑇ଵ𝜀ଵ௧ + 𝐶𝑇ଶ𝜀ଶ௧ + 𝐶𝑇ଷ𝜀ଷ௧) + 𝛼(∑ 𝑞௧
ଷ
௧ୀଵ −𝑀𝐶𝐸𝑄)൩ 𝜎ଶ(42) 

 
The related constraints are as follows: 

𝑞௧ = ා ෍ 𝐶

଺

௠ୀଵ

ସ

௜ୀଵ

𝐸௜௠𝑋௜௧ = Λଵ + Λଶ(43) 

0 ≤ Λଵ ≤ 𝜎ଵ𝑀𝐶𝐸𝑄(44) 
𝜎ଶ𝑀𝐶𝐸𝑄 < Λଶ ≤ 𝜎ଶ𝑀𝑃𝐶𝐸𝑄(45) 
𝜎ଵ + 𝜎ଶ = 1(46) 

 
𝑡 = 1 ∼ 3 
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2.4.5. Model 5: Discontinuous Incremental Progressive Carbon Tax Objective Function 
Figure 5 illustrates the carbon tax cost function for a discontinuous incremental progressive tax rate, composed of 
three consecutive sections. In Figure 5, the maximum carbon emission limits for the first, second, and third 
sections are 𝐶𝐸𝑄ଵ, 𝐶𝐸𝑄ଶand 𝐶𝐸𝑄ଷ, respectively. The carbon tax rates at these points are 𝑇𝑅ଵ, 𝑇𝑅ଶ,and 𝑇𝑅ଷ, and 
the carbon tax costs are calculated as 𝑇𝑅ଵ𝐶𝐸𝑄ଵ, 𝑇𝑅ଶ𝐶𝐸𝑄ଶ,and 𝑇𝑅ଷ𝐶𝐸𝑄ଷ, respectively. 

 
Figure 5. Discontinuous Carbon Tax Cost. 
So, the cost function of carbon tax in Figure 5 can be written as functions (47). This function represents the general 
form of the cost function for the discontinuous carbon tax and it also represents the total carbon emissions (q) of 
a company, which can be modeled mathematically. The carbon tax costs assumed in this model is function (48) 
and constraints relating to carbon tax costs are (49) to (54) [31]. 
General Expression of Cost Function of Carbon Tax: 
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Multi-Period Discontinuous Incremental Progressive Carbon Tax Cost Function: 

෍ 𝐶

ଷ

௧ୀଵ

𝑇௜ = ෍(𝑇

ଷ

௧ୀଵ

𝑅ଵ𝐸𝑄ଵ௧ + 𝑇𝑅ଶ𝐸𝑄ଶ௧ + 𝑇𝑅ଷ𝐸𝑄ଷ௧)(48) 

 
Related Constraints: 

ා ෍ 𝐶

଺

௠ୀଵ

ସ

௜ୀଵ

𝐸௜௠𝑋௜௧ = 𝐸𝑄ଵ௧ + 𝐸𝑄ଶ௧ + 𝐸𝑄ଷ௧(49) 

0 ≤ 𝐸𝑄ଵ௧ ≤ 𝜙ଵ௧𝐶𝐸𝑄ଵ(50) 
𝜙ଶ௧𝐶𝐸𝑄ଵ < 𝐸𝑄ଶ௧ ≤ 𝜙ଶ௧𝐶𝐸𝑄ଶ(51) 

 
𝐸𝑄ଷ௧ > 𝜙ଷ௧𝐶𝐸𝑄ଶ(52) 
𝜙ଵ௧ + 𝜙ଶ௧ + 𝜙ଷ௧ = 1(53) 
𝜙ଵ௧, 𝜙ଶ௧, 𝜙ଷ௧ = 0,1(54) 
𝑡 = 1 ∼ 3 

3. RESEARCH RESULTS AND ANALYSIS” 
3.1. Model Comparison 
This section compares the optimal solutions generated by five multi-period carbon-tax models under the specified 
production, resource, carbon-emission, and ESG constraints. Models 1–4 employ a continuous incremental 
progressive carbon-tax structure, while Model 5 employs a discontinuous incremental progressive carbon-tax 
structure. The continuous models differ according to the inclusion of tax exemption and carbon-trading provisions. 
Model 1, representing the basic continuous incremental progressive carbon-tax structure, generated a total optimal 
profit of $22,473,270,000. Model 2, which incorporates a carbon-tax exemption, generated a slightly higher profit 
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of $22,506,340,000. Model 3, which incorporates carbon trading, reported an optimal profit of $22,744,860,000. 
The results for Models 4 and 5 should be inserted directly from the corresponding LINGO outputs. 
The comparison indicates that carbon-pricing design influences the financial performance of the cement 
manufacturer. The inclusion of a tax exemption in Model 2 provides limited financial relief compared with Model 
1, while the incorporation of carbon trading in Model 3 produces a more noticeable improvement in profitability. 
Model 4 evaluates the combined effects of tax exemption and carbon trading under the continuous tax structure, 
whereas Model 5 provides a comparison with a basic discontinuous incremental progressive carbon-tax structure. 
However, because Model 5 is the only discontinuous model included in the revised analysis, the results cannot 
provide a comprehensive comparison between continuous and discontinuous taxation systems. The findings 
should therefore be interpreted primarily as a comparison of policy mechanisms within the continuous progressive 
tax structure, supplemented by an initial discontinuous-tax scenario. 

 
Figure 7. Optimal Solution for Multi-Period Models. 
All five models operate under common ESG constraints requiring a progressive reduction in the carbon-emission 
ratio and an increase in the use of alternative materials. The results demonstrate that the production system can 
satisfy environmental targets while maintaining positive profitability. Nevertheless, the precise annual carbon-
emission ratios, alternative-material quantities, carbon costs, and period-wise profits should be reported separately 
for the best-performing model among Models 1–5 after verification of all LINGO outputs. 
3.2. Sensitivity Analysis 
The sensitivity analysis examines the effects of changes in the unit carbon-tax cost on total profitability. All other 
production, resource, cost, and ESG parameters are held constant. The carbon-tax rate is varied across five 
scenarios: −20%, −10%, 0%, +10%, and +20%. The results presented in Figure 8 demonstrate a negative 
relationship between the carbon-tax rate and total profit. A reduction in the carbon-tax rate increases profitability, 
whereas an increase in the rate reduces profitability because carbon-emission expenditure represents an additional 
production cost. 
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Figure 8. Comparison of Sensitivity Analysis in Multi-period Model. 
The magnitude of the profit change differs across Models 1–5 because the models contain different tax, exemption, 
and trading provisions. Models incorporating tax exemptions or carbon trading can partially reduce the financial 
exposure associated with changes in carbon-tax costs. In contrast, models without these policy mechanisms are 
more directly affected by changes in the tax rate. The sensitivity analysis therefore demonstrates that the financial 
effect of carbon taxation depends not only on the tax rate but also on the design of the carbon-pricing mechanism. 
The exact sensitivity ranking of Models 1–5 should be presented after verifying the numerical results for every 
tax-change scenario. 
4. DISCUSSION 
The results show that the most favourable profitability outcome of the five models kept is the continuous 
incremental progressive carbon-tax framework with emissions trading (Model 3) [32]. The multi-period optimal 
profit of model 3 is $22.74486 billion, which is higher than the optimal profit under the basic continuous 
progressive carbon-tax structure and the other carbon-tax structures that were retained [12]. This outcome 
illustrates that access to carbon-credit trading can mitigate the financial impact of a carbon tax by enabling firms 
to buy and sell carbon credits based on their production and emissions situation [3]. The increase in GDP seen in 
the comparison of Models 1 and 2 suggests that a small increase in profitability can be achieved by implementing 
a tax exemption [21]. This would imply that a carbon intensive manufacturer is not hit in the short-term with a 
cost for emitting pollution. Under the assumptions used in this study, however, under the current more profitable 
model 3, emissions trading offers more economic flexibility than a tax exemption [11]. Model 4 combines the two 
concepts, tax exemption and emissions trading, into a continuous progressive carbon-tax model. But its reported 
solution is not profitable as much as Model 3's solution [31]. This finding indicates that the effects of policy 
instruments are not necessarily cumulative. Final profitability depends on the interplay of the various thresholds, 
exemption limits, carbon-credit prices, production volumes and emissions control. More policy mechanisms may 
not necessarily lead to the greatest financial gain [9]. 
This paper, model 5, examines a discontinuous incremental progressive carbon-tax system [15]. This does not 
lead to the maximum profit, but it changes how the emissions are distributed across tax-rate bands [2]. This means 
that the financial efficiency of a carbon tax design is not only dependent on the type of carbon tax (i.e. continuous 
or discontinuous) but also on the presence of other market mechanisms, like carbon trading [21]. The results of 
the sensitivity analysis corroborate a negative correlation between the profit and the carbon-tax rate [22]. The total 
profit decreases as the cost of the carbon-tax rises, since the cost of carbon-emissions becomes a larger part of 
total input costs [18]. However, the results indicate that this effect can be mitigated in part by the introduction of 
tax exemptions and emissions-trading systems, as these provide the companies with greater flexibility in 
complying with the emissions cap [19]. 
The results show that from a management point of view, the implementation of carbon-pricing policies should be 
considered as a part of the integrated system of production and cost planning of the cement manufacturer and not 
as an individual environmental cost [21]. The results show that policy measures like emissions-trading can help 
to comply with the environment regulations without putting undue strain on the finances of carbon-intensive 
industries [11]. But the impact of each policy setting relies on the underlying prices of carbon tax, exemption 
levels, carbon-credit prices, production capacities and emission reduction levels [29]. The present findings have 
been obtained from a particular set of model assumptions and are to be interpreted in the context of the model 
optimization selected [28]. The framework could be expanded to include uncertain carbon-credit prices, variable 
product demand, uncertain energy prices, investment in technology, adoption of renewable-energy technologies, 
and other potential emission reduction options [18]. The generalizability of the proposed framework may be 
enhanced by comparative applications in other sectors of the economy that use carbon intensive resources. 
5. CONCLUSIONS  
This study proposes an integrated ABC–TOC optimization framework for analyzing the impact of carbon taxation, 
tax exemptions, emissions trading, ESG requirements and resource constraints on cement-manufacturing 
decisions. The five multi-period carbon pricing models are compared based on the following key evaluation 
parameters: profitability, carbon-emission costs, reduction in emission intensity and utilization of alternatives 
materials. The results reveal that model 3 (a continuous incremental progressive carbon tax and emissions trading) 
is the most lucrative model of the five options studied. It achieves a cumulative profit for all periods of $22.74486 
billion. The findings show that emissions trading offers manufacturers more flexibility in the cost and production 
decisions of carbon-related costs. Tax exemptions also make this system more profitable than the basic carbon-
tax system, but have a smaller impact than emissions trading under assumptions used. The sensitivity analysis 
results show that a higher carbon-tax rate has a negative impact on profitability in the five models. However, 
policy tools like tax exemption and carbon-credit trading can help mitigate some of the economic consequences 
of increased carbon prices. The results thus illustrate the need to design carbon-pricing systems taking account of 
the interplay between the level of taxation, emission allowances, carbon-credit markets, production limitations 
and environmental goals. The proposed framework is a pragmatic decision support tool for cement producers who 
wish to optimize production and achieve emissions reduction and ESG goals. It also provides a framework that 
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can be used by policy makers to assess financial and environmental impacts of different carbon pricing methods. 
The study overall shows that a properly designed carbon-tax and emissions-trading policy can be used to assist in 
emissions reduction, utilizing resources efficiently, and promoting sustainability of industry in the long-term, 
while not being overly costly for the cement manufacturer. 
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