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Abstract

:

Issues related to global environmental protection are highly important. Under the global trend of energy saving and carbon reduction, in order to lower the carbon emissions of products or services offered by enterprises, the Taiwanese government aims to control carbon emissions by constructing a carbon tax system and mandating enterprises to pay a carbon tax. The collection of a carbon tax can minimize the total social environmental cost and increase the efficiency of carbon reduction; the need to control the green quality cost can serve as a criterion of green management decision-making. This study aimed to reorganize carbon emissions in different stages of production in order to lower the total carbon emissions of products. Activity-based costing (ABC) was adopted to assess green quality management and production cost. The optimal green quality production portfolio was selected via a mathematical programming model to focus on the expansion of productivity and outsourcing strategy in order to effectively lessen the harmful effects on the environment and maximize profits. Besides academic contributions, the findings of this study could serve as a reference to enterprises on assessing the effects of carbon emissions, carbon taxes, and environmental management on production decision-making.
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1. Introduction


Issues regarding climate change have received increased attention in recent years. The misuse of natural resources by human and industrial activities affect the balance of the life cycle sustained by Earth and cause abnormal weather and global warming. It is the goal for every nation to stop exhausting greenhouse gases (GHG) for the Earth to provide a sustainable growing environment. In May 1992, the United Nations Framework Convention on Climate Change (UNFCCC) was adopted. It aimed to control the concentration of greenhouse gases in the atmosphere to “a level that would prevent dangerous anthropogenic interference with the climate system” [1]. Developed economies took responsibility for environmental protection through forming international organizations or signing protocols such as the Copenhagen Accord [2], the Kyoto Protocol [3], and the Paris Agreement [1]. Developed economies use these agreements as self-discipline or criterions for countries around the world to balance economic growth and environment protection. In addition, they recognize that these agreements will significantly reduce the risks and impact of climate change and meet the objective of “making finance flows consistent with a pathway towards low greenhouse gas emissions and climate-resilient development” [1].



Green Quality Management mainly aims at eco-efficiency in the complete product life cycle, including design, raw material selection, process improvement, prevention and treatment of pollution, after-sales services and waste recycling, and processing. Quality cost measurement is the first step of quality cost management. Several researchers have proposed various methods to measure the cost of quality (COQ), which includes prevention, appraisal, internal failure, and external failure costs [4]. The Activity-Based Costing (ABC) approach has been widely used in measuring COQ [5,6,7,8,9] because many COQ elements are activity-related costs [9]. ABC uses a two-stage cost assignment to compute the costs of activities in the first stage and the costs of the objects in the second stage [10]. Thus, activity costs can be achieved in the first stage and sources of activity costs can be traced in the second stage of ABC cost assignment. ABC divides activities into value-added (VA) and non-value-added (NVA) activities. The purpose of green quality management is to reduce the workload of VA activities and to finally eliminate the execution of NVA activities related to COQ.



The theory of constraints (TOC), proposed by Goldratt in the book titled “The Goal” [11], aims to identify the constraints and managing them. There are several constraints in business operations, and TOC uses five steps to identify and eliminate the bottlenecks one by one to increase business performance. One method is capacity expansion with a fixed capital investment to increase the possible sales and profits.



Carbon taxes aim to reduce carbon emissions, and they offer a potentially cost-effective means of reducing greenhouse gas emissions [12]. Carbon taxes are also an important policy tool for environmental protection to prompt companies to pursue optimal environmental management under tax considerations [13,14,15]. Currently, carbon taxes are assessed differently from country to country due to variances in environmental policies, so companies must incorporate them in their production and pricing decisions [16,17].



In view of the above discussion, the purpose of this paper was to propose a green quality management decision model with the consideration of carbon taxes and capacity expansion under ABC. This study took the tire industry as an example to illustrate the application of the model presented in this paper. In addition to considering factors such as carbon taxes, capacity resource limitations, and market demand, this study also took the emissions reduction of pollution during the production process into account. This study combined models of TOC, ABC, green quality management and capacity expansion and used mix-integer programming (MIP) to find the optimal product mix and its resource consumption analysis as a basis for green decision-making. In addition, this paper also discussed how the production plan, derived from the green quality management decision model, can be executed with the help of Industry 4.0 techniques. The remainder of this paper is organized into four sections. Section 2 details the literature about the concepts of environmental management under intelligent manufacturing and the production flow in the Tire industry. Section 3 presents the research method. The green quality management decision model is developed in Section 4. A numerical example is used to demonstrate how to solve these models with MIP and sensitivity analysis under the consideration of carbon taxes and capacity expansion in Section 5. Finally, discussions and conclusions are presented in Section 6 and Section 7, respectively.




2. Green Quality Management in the Tire Manufacturing Industry


2.1. Green Quality Cost Management


The purpose of green quality cost management is to find, identify, and quantify the direct and indirect environment-related costs in production so as to help improve the environmental performance of enterprises, realize cost control, evaluate investments in equipment and technology of clean production and pollution prevention and treatment, and develop better processes and green products according to the concept of environmental protection and clean production [6]. Further, it may provide valuable information for decision makers in terms of product structure, retention, and pricing strategies, etc. Green quality cost data can provide important indicators to evaluate the environment quality of enterprises, and can also play an essential part in determining whether the green quality cost management system is effective or not. Objective standards are provided to determine whether the green quality management cost stays aligned with the purpose of environmental protection. Green quality management cost consists of the prevention cost, appraisal cost, internal failure, and external failure cost [9].



The preventive activities of green production quality management are intended to establish a mechanism of enhancing green quality awareness and preventing the impact on the environment. It reduces the negative impact of products during the life cycle on the environment. The prevention cost refers to all expenses incurred in this process and mainly includes green quality planning and renovation projects, green brainstorming activities, the analysis of green process capacity, and green product design, etc. The prevention cost consists of relevant expenses incurred when preventing environmental pollution during production and service activities [18].



Appraisal activity costs refer to all expenses incurred in determining whether the prevention measures achieve the anticipated goals or outcomes. From the design of the product life cycle to the first delivery of goods, the evaluation and assessment activities mainly focus on those which fail to satisfy the green standards. The appraisal cost assures product specifications and quality in the production process based on the quality standards. The appraisal cost includes the necessary expenses on green quality standards tests such as environment check and testing expenses, the purchase of materials and process examination fees, as well as quality checks and diagnostic products tests, etc. [9].



Internal failure activity costs refer to the costs and losses incurred when the products have defects and fail to meet the green quality standards after production but before delivery [19]. Internal failure costs include the cost of reproduction, losses from waste, damaged products, failure analysis, and reexamination due to the failure of meeting the green standards and quality standards [19,20].



External failure activity costs refer to the costs and losses incurred when the products have defects and fail to meet the green quality standards after delivery. External failure costs include the cost of after-sale service and warranties, any penalties and compensation incurred due to the failure of observing relevant laws and regulations in the process, any unexpected expenses from the disposal of waste, and the reduction of operating income resulting from negative public images regarding environmental protection, etc. [21].




2.2. Production Flow in the Tire Industry


Figure 1 shows the tire production flow chart. There are four main activities, as shown below:




	(1)

	
Mixing and Component preparation: First, natural rubber, processed oil, carbon black, and other chemicals are mixed into a compound using a Banbury mixer, which is then squeezed into a thin sheet using extruders. Other components include fabric calendar transferred from textiles and fabric, and wire calendar, steel calendar, bead, and belt transferred from steel.




	(2)

	
Tire building: The tire building machine pre-shapes radial tires into a form very close to their final dimensions to make sure the many components are in their proper positions before the tire goes into the mold.




	(3)

	
Curing press: The curing press is where tires attain their final shape and tread pattern. Hot molds shape and vulcanize the tire. The molds are then engraved with the tread pattern and sidewall marking.




	(4)

	
Tire inspection: Trained inspectors perform a visual inspection to check the tire surfaces. A balance inspection and force variation are then carried out to check uniformity. Finally, some tires are sampled from the production line and X-rayed to detect any hidden weaknesses or internal failures. In addition, quality control engineers regularly perform cut sections and study details of the tire construction that affect performance, ride, or safety [22].










2.3. Shop Flow Control and ABC Costing with the Help of Industry 4.0


2.3.1. Origin and Meaning of Industry 4.0


The era of Industry 4.0 is coming for the global manufacturing industry. This is the biggest change since the third industrial revolution in 1970. Automated production has been upgraded to the level of intelligent manufacturing [23], which is also called the fourth industrial revolution. The concept of Industry 4.0 was first mentioned at the Hannover Fair in 2011. It means to apply the Internet of Things and system service applications into the production process to become a cyber-physical production system [24]. It vertically integrates production factors such as materials, human resources, equipment, and factories to form an intelligent manufacturing network and, at the same time, horizontally integrates the value chains of supply vendors and customers as a value creation network and reduces pollution and greenhouse gas emissions during production as much as possible [25].



Industry 4.0 places emphasis on its products’ influences on the environment by taking advantages of different concepts of a smart factory, which include green production, intelligent production and urban production. Meanwhile, big data is adopted to analyze corporate conditions and resources to guide enterprises with environmentally friendly guidelines during their development of innovative green technology [26] so that they can make efficient use of resources, reduce costs, and relieve the impact of operating activities on the environment in current and expanding production.



Under Industry 4.0, virtual models based on the orders of customized tires are produced according to the advice of existing experts and product design and processing knowledge on the cloud through the Internet [27]. Then, the physical products are put into production based on the model and a production schedule is made. A virtual production system control workshop is built and robotic arms take the place of a traditional workforce in the production of tires by applying automatic assembly and sensors/actuators in the virtual workshop to the production process [28]. The production data are sent to the cloud database as digital knowledge accumulation.




2.3.2. Collecting Data for ABC Costing Using Industry 4.0 Techniques


In the past, enterprises were in pursuit of high quality with the most appropriate costs in the shortest production cycle and lead time, and they made dramatic investments in the establishment of mechanisms and production management systems, as well as automation. Although they might have had knowledge of existing problems through various information dashboards, they failed to make full use of the databases of those systems and the valuable information in the systems. In order to integrate the goals of multiple systems and keep those goals in line with their corporate mission, enterprises need to combine data mining technology and the intelligent analysis methods of specific fields and identify key opportunities for breakthroughs from massive amounts of data [29]. As Industry 4.0 and the era of the Internet of Things approach [30], with the help of wider usage of information extraction technology through the Internet and cloud computing, integration of both upstream and downstream information can be easily realized in combination with an automatized factory system. Intelligent manufacturing will be a niche market that can cater to customers’ demands in the future [31]. In addition, sensors/actuators, high-performance computing systems, and the production control of intelligent factories will manage to detect various available production capacities in a short time and arrange configurations correspondingly and effectively, which avoids inadequate production.



Technically speaking, intelligent factories emphasize mobile sensors/actuators and artificial intelligent self-organized machine learning [26]. At the same time, they give full play to the mature computing virtual technology to accomplish the integration of manufacturing and service in the vertical activities of corporate entities and further improve the support of relevant activities of enterprises.



Big data for production emphasizes the digitalization of all information, from product design to after-sales service. With the necessary information for cost analysis available on the cloud system, and by combining the theory of constraint with the expansion of production capacity and the system of fundamental operating costs, enterprises can oversee the resource consumption and carbon emissions of each activity. Through virtual design and analysis of the virtual factory, real-time cost analysis results and a review of the carbon footprint can be provided before production, which can reduce the number of potentially damaged products, reproduced products, and carbon emissions during the production of physical products.



In summary, Industry 4.0 uses cyber-physical systems (CPS) and the Internet of Things (IoT) [13] to link all the elements in the production system. Then, the system will real-timely collect and monitor the activity data of all the elements and send out intelligent responses to various problems that may arise in the manufacturing spots according to the real-time analysis results of big data and cloud computing. Finally, the production process can be flexibly adjusted or set up differently on the basis of specific customer needs to attain the objectives of mass customization and customer satisfaction. The activity cost calculation and activity improvement of Activity-Based Costing (ABC) can be easily achieved since all the elements in the manufacturing systems can be integrated and monitored under Industry 4.0.






3. Research Method


3.1. TOC and Capacity Expansion


First proposed by Goldratt [11], TOC is mainly used to resolve short term product mix and processing bottleneck resource problems. It is an improved method of the conventional cost accounting system that hinders the effective output of a company, arguing that all organizations have restrictions that will affect the activities of the entire organization. Paraskevopoulos, Karakitsos and Rustem [32] held that the expansion of production capacity should also be included in the production plan when uncertainties emerge in the production environment so that the production capacity can be adjusted if there are any changes in the external environment. They found that the bottleneck factors determine the level of product mix flexibility, and that bottleneck improvements make a better contribution than non-bottleneck improvements.



Targeted at the present operating process and production level, the theory of constraints explores the best management method. However, for decision-making about long-term production, the production capacity of each activity must be specifically planned. When confronted with gaps in the production capacity, enterprises should adopt different strategies to expand production capacity in order to meet demands, such as recruiting new employees, purchasing more equipment, outsourcing, working overtime, or renting equipment. Aghezzaf [33] proposed that production capacity does not merely mean the production capacity of the equipment but also the available workforce in each period, which should be given high priority and taken into consideration to develop a series of efficient algorithms for human resource schemes based on strategies. When the production capacity of human resources is calculated, the results should be transferred into the production capacity for both regular time and overtime. Kok [34] indicated that when demands surpass the available production capacity, two strategies of production capacity, including postponing and outsourcing, should be utilized to build a mathematical model. Then, the enterprises can choose the best strategy with lower costs and other relevant parameters between the two strategies.




3.2. Green Quality Cost Measurement under ABC


Kaplan and Cooper first proposed ABC in 1988 to overcome the distortion of the conventional cost accounting system [35]. ABC uses a two-stage cost assignment method and considers resource drivers and activity drivers as the bases of cost assignment, as shown in Figure 2. ABC assumes that cost objects (e.g., products, product lines, processes, customers, channels, and markets, etc.) create the need for activities, and that activities create the need for resources. Accordingly, ABC uses a two-stage cost assignment method to assign resource costs to cost objects. In the first stage, resource costs are assigned to various activities by using resource drivers. Resource drivers are the factors that approximate the consumption of resources by the activities. The appropriate resource drivers are determined according to the analysis of the correlation between resources and activity costs [36]. Each type of resource traced to an activity becomes a cost element of an activity cost pool. Thus, an activity cost pool is the total cost associated with an activity. An activity center is composed of related activities that are usually clustered by function or process. It is possible to create activity centers by various ways according to different information needs [9].



In the second stage, each activity cost pool is distributed to the cost objects using an adequate activity driver which is used to measure the consumption of activities by the cost objects [10]. If the cost objects are products, then the total cost of a specific product can be calculated by adding the direct material cost and the direct labor cost, as well as the costs of various activities assigned to that product [9]. At the second stage, the appropriate activity drivers are determined according to different activity levels (e.g., unit-level, batch-level, process-level, product-level, or facility-level) in order to summarize the cost databases before attributing costs to the cost objects, thus obtaining reliable cost assignment information [10,36]. Unit-level activities are performed one time for one unit of product, e.g., 100 percent inspections, machining, or finishing, etc. Batch-level activities are performed one time for a batch of products, e.g., sampling inspections, set-up, or scheduling, etc. Process-level activities are performed to sustain the operations of a process, e.g., the various tasks executed in a process. Product-level activities are performed to benefit all units of a particular product, e.g., product design, design verification, or review, etc. Facility-level activities are performed to sustain the manufacturing facility, e.g., plant guards and management, or zero defect programs, etc. [9].



Kaplan and Cooper argued that ABC emphasizes the relationship between the activities and the consumption of resources; therefore, it can provide product decision-making information and help managers with decisions regarding product design, pricing, product mix, marketing, and process improvements [35]. ABC provides information in the recognition of activities that cause poor quality by classifying all activities as either value-added (VA) or non-value-added (NVA) activities. According to this categorization, VA activities are those that contribute to the value (increase the quality and effectiveness of use) of the product/services delivered. As NVA activities do not contribute to the value of the product/services, their elimination decreases the related costs and has no effect on the value of the products/services [9,37]. As ABC can provide an effective and complete estimation of product costs, enterprises may use ABC and calculate the costs of products to improve the product mix based on costs and determine the pricing strategies [38]. By connecting corporate strategies with the decision-making of the operating management, managers can make full use of the valuable activities of their companies. With regard to the activities that cannot fulfill the goals of enterprises, reforms or changes can be made. Rectifications can be immediately performed when the project is found to deviate from the original plan to ensure the accomplishment of investment plans. ABC can effectively trace each activity of the costs and then categorize the costs to corresponding products according to the causes of the activities so as to provide a reasonable sharing method and improve the production performance measuring method. Particularly, when an enterprise has complicated categories of products or processes, ABC can provide assistance with managers to learn the resource consumption of different products and processes and offer better cost management [16].



In this paper, the activities of ABC model were classified into green quality-related activities and green quality-unrelated activities. A COQ activity center was created for green quality-related activities. Within the COQ activity center, four nested activity centers were established, i.e., prevention, appraisal, internal failure, and external failure activity centers [9]. For the purpose of improvement, regardless of being green quality-related or quality-unrelated activities, all activities should be identified as VA or NVA activities, as shown in Figure 2.




3.3. Carbon Tax Functions


The objective of a carbon tax is to reduce the harmful and unfavorable levels of carbon dioxide emissions, thereby decelerating climate change and its negative effects on the environment and human health [39]. A carbon tax imposes a tax on each unit of carbon emissions and gives companies an incentive to reduce pollution whenever doing so will cost less than paying the tax [40]. In the literature, “carbon tax” [12,13,15,17,41] and “emission tax” [42,43,44] are used interchangeably, although some argue that a carbon tax simply puts a price on carbon dioxide emissions while an emissions tax puts a price on all pollution emissions, not just carbon dioxide, including methane, carbon monoxide, nitrous oxide, or fluorinated gases, etc. [45]. Some authors use “carbon emission tax” [46,47,48]. However, most authors mean to levy on all pollution emissions which are converted to a carbon equivalent [49]. This paper also adopted the concept of all pollution emissions and the carbon equivalent.



This study intended to explore the effects of carbon tax levies on production mix decisions. Figure 3 is the carbon tax function with a fixed tax rate, which has been adopted by many countries presently. However, if the carbon tax level is too low, companies may want to pay the tax and continue to pollute. Thus, the government may use carbon tax functions that have a full progressive tax rate without a threshold (Figure 4) [50] or with a threshold (Figure 5). In these two carbon tax functions, the higher a company’s carbon emission quantity, the higher the carbon tax rate. It will have aggressive effect on carbon emission reduction. However, considering small companies with very low levels of production and high levels of carbon pollution, the government may use the carbon tax system with a threshold, as shown in Figure 5, where a company will have a carbon tax exemption when its carbon emission quantity is under threshold quantity [51]. In this paper, a carbon tax system with progressive tax rates and a threshold was used for illustration. On the other hand, the government should help companies reduce carbon emissions by providing subsidies for carbon emission control equipment or other methods. A carbon tax can be a regressive tax, in that it may directly or indirectly affect low-income groups disproportionately [41]. The latter allows for different rates at different carbon levels and can still create a meaningful impact in carbon reduction [52].





4. Model Formulation


4.1. Assumptions


The green quality management decision model under ABC presented in this paper had several assumptions. First, assume that a multi-product company had various levels of activities including unit-level, batch-level, product-level, and facility-level activities. The company had determined the resource drivers and activity drivers used in ABC analysis. Second, the company also had calculated the unit cost of each activity based on the actual running activity cost per activity driver and used in the model. Third, the facility-level activity cost was a common fixed cost. Fourth, direct labor resources can be expanded by using additional shifts or overtime work with higher wage rates. Fifth, machine hour resources also can be expanded by renting more machines. Sixth, the products’ selling prices were constant within the relevant range of the analysis.




4.2. Green Quality Management Decision Model under ABC


According to the assumptions described above, this paper presented a general model that incorporated material purchase discounts, capacity expansions, capacity constraints, waste disposal, and carbon tax expenditures to determine an optimal product-mix decision.



4.2.1. Notations


The following notations were used in this paper:



 π : The company’s maximized profit



   p i   : The unit selling price of product i



   q i   : The production quantity of product i



   L r   : The unit cost of the rth material, without a purchase discount



  L  d r   : The unit cost of the rth material, with the first purchase discount rate



  L d  d r   : The unit cost of the rth material, with the second purchase discount rate



   M r   : The quantity of the rth material, without a purchase discount



  M  d r   : The quantity of the rth material, with the first purchase discount rate



  M d  d r   : The quantity of the rth material, with the second purchase discount rate



   d  i r    : The requirement of the rth material for product i



   X r   : The upper limit of the rth material quantity with the second purchase discount rate; it is also the available quantity of the rth material



   W r   : The upper limit of the rth material quantity with the first purchase discount rate



  T  D r   : The upper limit of the rth material quantity without a purchase discount



  N  D r   : a 0–1 variable.   N  D r  = 1   means that the purchase quantity of the rth material falls within the first range of the rth material purchase quantity which dissatisfies the threshold for a discount; otherwise,   N  D r  = 0  



  S  D r   : a 0–1 variable.   S  D r  = 1   means that the purchase quantity of the rth material falls within the second range of the rth material purchase quantity which will have the first purchase discount rate; otherwise,   S  D r  = 0  



  O  D r   : a 0–1 variable.   O  D r  = 1   means that the quantity of the rth material falls within the third range of the rth material purchase quantity which will have the second purchase discount rate; otherwise,   O  D r  = 0  



  W  C 1   : Total direct labor cost when labor hour is below the total normal labor hour,   W  H 1   



  W  C 2   : Total direct labor cost in   W  H 2   



  W  C 3   : Total direct labor cost in   W  H 3   



TWH: Total direct labor hour



  W  H 1   : The available normal direct labor hour



  W  H 2   : The upper limit of labor hour with the first overtime wage rate



  W  H 3   : The upper limit of labor hour with the second overtime wage rate



  (  η 1  ,  η 2  )  : An SOS1 (special ordered set of type 1) set of 0–1 variables, within which exactly one variable must be non-zero



  (  α 0  ,  α 1  ,  α 2  )  : An SOS2 (special ordered set of type 2) set of non-negative variables, within which at most two adjacent variables, in the order given to the set, can be non-zero



   t  o i    : Time of rework mix processing of product i



   t  c i    : Time to shift each batch of product i to rework mix department



   t  δ i    : Time to maintain building tires



   t  τ i    : Time for the inspection of product i



  B  A i   : Batches of product i in rework mix processing



   δ i   : Batches of product i in maintenance



   s i   : Quantity of each maintenance of product i



   R i   : Demand of product i



   τ i   : 0–1 variable. If product i is not produced, it is 0; otherwise, it is 1



   σ o   : Capacity of rework mix processing department



   σ δ   : Capacity of maintenance department



   σ τ   : Capacity of inspection department



  W  A 1   : Total waste disposal cost in   W  Q 1   



  W  A 2   : Total waste disposal cost in   W  Q 2   



  W  A 3   : Total waste disposal cost in   W  Q 3   



   w i   : The average waste disposal quantity for one unit of product i



  W A Q  : The total quantity of waste disposal;   W A Q =   ∑  i = 1  n     w i   q i   



  W  Q 1   : The upper limit of waste disposal quantity with the first waste disposal cost rate



  W  Q 2   : The upper limit of waste disposal quantity with the second waste disposal cost rate



  W  Q 3   : The upper limit of waste disposal quantity with the third waste disposal cost rate



  (  μ 1  ,  μ 2  ,  μ 3  )  : An SOS1 (special ordered set of type 1) set of 0–1 variables, within which exactly one variable must be non-zero



  (  β 0  ,  β 1  ,  β 2  ,  β 3  )  : An SOS2 (special ordered set of type 2) set of non-negative variables, within which at most two adjacent variables, in the order given to the set, can be non-zero.



  T  A i   : The carbon emission quantity per unit of product i



TCQ: The company’s total carbon emission quantity;   T C Q =   ∑  i = 1  n   T  A i     q i   



   T 1   : The carbon tax rate when TCQ falls within the first taxable range of carbon emission quantity



   T 2   : The carbon tax rate when TCQ falls within the second taxable range of carbon emission quantity



   T 3   : The carbon tax rate when TCQ falls within the third taxable range of carbon emission quantity



   A t   : The company’s total carbon emission quantity when TCQ falls within the range of carbon emission quantity without carbon tax



   B t   : The company’s total carbon emission quantity when TCQ falls within the first taxable range of carbon emission quantity



   C t   : The company’s total carbon emission quantity when TCQ falls within the second taxable range of carbon emission quantity



   D t   : The company’s total carbon emission quantity when TCQ falls within the third taxable range of carbon emission quantity



   Q 1   : The upper limit of carbon emission quantity without carbon tax



   Q 2   : The upper limit of carbon emission quantity with the first carbon tax rate



   Q 3   : The upper limit of carbon emission quantity with the second carbon tax rate



   G 1   : 0–1 variable.    G 1  = 1   means that TCQ falls within the range of carbon emission quantity without carbon tax; otherwise,    G 1  = 0  



   G 2   : 0–1 variable.    G 2  = 1   means that TCQ falls within the first taxable range of carbon emission quantity; otherwise,    G 2  = 0  



   G 3   : 0–1 variable.    G 3  = 1   means that TCQ falls within the second taxable range of carbon emission quantity; otherwise,    G 3  = 0  



   G 4   : 0–1 variable.    G 4  = 1   means that TCQ falls within the third taxable range of carbon emission quantity; otherwise,    G 4  = 0  



  (  G 1  ,  G 2  ,  G 3  ,  G 4  )  : An SOS1 set of 0–1 variables, within which exactly one variable must be one, which is a set of 0–1 indicator variables



   H i    The carbon emission quantity for one unit of product i



MCk: Total machine cost when the machine hour is expanded to kth level of machine resource, MAK



MAK: The machine hour when the machine hour is expanded to kth level of machine resource



  (  θ  i 1   ,  θ  i 2   , … ,  θ  i k   )  : An SOS1 set of 0–1 variables, within which exactly one variable must be one, which is a set of 0–1 variables indicating which level of machine hours the machine hour resource is expended to.




4.2.2. The Objective Function


The objective of the model is to maximize the total profit of the company, as shown in Equation (1):


     M A X π =     ∑  i = 1  n    p i   q i    −   ∑  r = 1  s   (  L r   M r  + L  d r  M  d r  + L d  d r  M d  d r    ) −  [  W  C 1  + ( W  C 2  − W  C 1  )  α 1  + ( W  C 3  − W  C 1  )  α 2   ]       −   ∑  i = 1  n   (  t  o i   +    t  c i   )  k o  B  A i  −   ∑  i = 1  n   (  t  δ i      δ i  +  t  p i    q i  )  k δ    −   ∑  i = 1  n   (  t  τ i      k τ   τ i  ) − ( W  A 1   β 1  + W  A 2   β 2  + W  A 3   β 3  )      − [  T 1  (  B t  −  Q 1  ) +  T 2  (  C t  −  Q 1  ) +  T 3  (  D t  −  Q 1  ) ] −   ∑  k = 0  t   M  C k   θ k    − F C     



(1)







  M A  X   π =   Total revenue − Direct material cost − Direct labor cost − Rework cost − Maintenance cost − Inspection cost − Waste disposal cost − Carbon tax − Machine cost − Other fixed cost, where     ∑  i = 1  n    p i   q i      is the total revenue,       ∑  r = 1  s   (  L r   M r  + L  d r  M  d r  + L d  d r  M d  d r    )          is the total direct material cost,    [  W  C 1  + ( W  C 2  − W  C 1  )  α 1  + ( W  C 3  − W  C 1  )  α 2   ]    is the total direct labor cost,     ∑  i = 1  n   (  t  o i   +    t  c i   )  k o   ο i    is the total rework cost,     ∑  i = 1  n   (  t  δ i      δ i  +  t  p i    q i  )  k δ    is the total maintenance cost,     ∑  i = 1  n   (  t  τ i      k τ   τ i  )   is the total inspection cost,   ( W  A 1   β 1  + W  A 2   β 2  + W  A 3   β 3  )   is the waste disposal cost,   [  T 1  (  B t  −  Q 1  ) +  T 2  (  C t  −  Q 1  ) +  T 3  (  D t  −  Q 1  ) ]   is the total carbon tax,     ∑  k = 0  t   M  C k   θ k      is the total machine cost, and FC is the total other fixed cost. These costs and their associated constraints are described in the following sub-sections.




4.2.3. Total Direct Material Cost


According to the assumption for attaining a discount on the purchase of material, the term     ∑  r = 1  s   (  L r   M r  + L  d r  M  d r  + L d  d r  M d  d r    )   in Equation (1) represent the total direct material costs with   ( r ∈ D )   and without   ( r ∈ D )   a purchase discount. The material cost function with a purchase quantity discount is shown in Figure 6 [53,54,55,56]. There are three ranges of material purchase quantities, [0,TDr], (TDr,Wr], and (Wr,Xr], in which the unit costs are Lr, Ldr, and Lddr, respectively, and    L r  < L  d r  < L d  d r   . The constraints associated with the material cost are shown in Equations (2)–(10).



Direct material quantity constraints:


     ∑  i = 1  n    d  i r      q i  ≤  X r  ;   r = 1 , 2 , … , s ;   r ∉ D   



(2)








      ∑  i = 1  n    d  i r      q i  ≤  M r  + M  d r  + M d  d r  ;   r = 1 , 2 , … , s ;   r ∈ D    



(3)






     M r  ≥ 0 ;   r = 1 , 2 , … , s    



(4)






     M r  ≤ T  D r  N  D r  ;   r = 1 , 2 , … , s ;   r ∈ D    



(5)






    M  d r  ≥ T  D r  S  D r  ;   r = 1 , 2 , … , s ;   r ∈ D    



(6)






    M  d r  ≤  W r  S  D r  ;   r = 1 , 2 , … , s ;   r ∈ D    



(7)






    M d  d r  ≥  W r  O  D r  ;   r = 1 , 2 , … , s ;   r ∈ D    



(8)






    M d  d r  ≤  X r  O  D r  ;   r = 1 , 2 , … , s ;   r ∈ D    



(9)






    N  D r  + S  D r  + O  D r  = 1 ;   r = 1 , 2 , … , s ;   r ∈ D    



(10)





Equation (2) is the direct material quantity constraint for materials without a purchase discount   ( r ∈ D )  . Equations (3)–(10) are the constraints for the materials with a purchase discount  ( r ∈ D )  . Mr, MDr, and Mddr represent the variables of the material purchase quantity in the three ranges of Figure 5. In addition,   N  D r  + S  D r  + O  D r  = 1  , and   N  D r  , S  D r  , O  D r    are 0–1 indicator variables which are used to indicate which range the material purchase quantity is in for the optimal solution. For example, if   N  D r  = 1  , then   S  D r  = O  D r  = 0   from Equation (10), which indicates the material purchase quantity is in first range of Figure 5. Then,   0 ≤  M r  ≤ T  D r    from Equations (4) and (5),   M  d r  = M d  d r  = 0   from Equations (6)–(9), and     ∑  i = 1  n    d  i r      q i  ≤  M r    from Equation (3). Therefore, the total material cost is    L r   M r    for the material with a purchase discount.




4.2.4. Total Direct Labor Cost


In Equation (1)   W  C 1  + ( W  C 2  − W  C 1  )  α 1  + ( W  C 3  − W  C 1  )  α 2    represents the total direct labor costs. It is assumed that the direct labor cost for production can be expanded using overtime work, additional night shifts and the hiring of temporary workers as shown in Figure 7. In Figure 7, the available normal direct labor hour is WH1, with the fixed cost WC1 used no matter how many labor hours the company uses. The labor resources can be expanded to WH2 and WH3 with two different higher wage rates. The total additional labor costs are represented by   ( W  C 2  − W  C 1  )  α 1  + ( W  C 3  − W  C 1  )  α 2   , and the associated constraints are shown in Equations (11)–(16).



Direct labor hour constraints:


   T W H ≤ W  H 1  + ( W  H 2  − W  H 1  )  α 1  + ( W  H 3  − W  H 1  )  α 2    



(11)






    α 0  −  η 1  ≤ 0   



(12)






    α 1  −  η 1  −  η 2  ≤ 0   



(13)






    α 2  −  η 2  ≤ 0   



(14)






    α 0  +  α 1  +  α 2  = 1   



(15)






    η 1  +  η 2  = 1   



(16)







In Equations (11)–(16),   (  η 1  ,  η 2  )   is an SOS1 set of 0–1 variables, within which exactly one variable must be one;   (  α 0  ,  α 1  ,  α 2  )   is an SOS2 set of non-negative variables, within which at most two adjacent variables in the order can be non-zero.



For example, if    η 1  = 1  , then    η 2  = 0   from Equation (16),    α 0  ≤ 1 ,  α 1  ≤ 1 ,  α 2  = 0   from Equations (12)–(14), and    α 0  +  α 1  = 1   from Equation (15). Thus, the total labor hours   ( T W H )   needed is   W  H 1  + ( W  H 2  − W  H 1  )  α 1   , and the total labor cost is   T W C = W  C 1  + ( W  C 2  − W  C 1  )  α 1   . This means that the production will require overtime work in the first overtime work range of Figure 7, and the final   ( T W H , T W C )   will fall within the second segment of Figure 7, where   ( T W H , T W C )   is the linear combination of   ( W  H 1  , W  C 1  )   and   ( W  H 2  , W  C 2  )  . In addition, if    η 2  = 1  , then    η 1  = 0   from Equation (16),    α 0  = 0 ,  α 1  ≤ 1 ,  α 2  ≤ 1   from Equations (12)–(14), and    α 1  +  α 2  = 1   from Equation (15). Thus, the total labor hour needed is   W  H 1  + ( W  H 2  − W  H 1  )  α 1  + ( W  H 3  − W  H 1  )  α 2    and total labor cost is   W  C 1  + ( W  C 2  − W  C 1  )  α 1  + ( W  C 3  − W  C 1  )  α 2   . This indicates that the production will require overtime work in the second overtime work range of Figure 7, and the final   ( T W H , T W C )   will fall within the second segment of Figure 6, where   ( T W H , T W C )   is the linear combination of   ( W  H 2  , W  C 2  )   and   ( W  H 3  , W  C 3  )  . When    η 2  = 1   and    α 0  = 1  , then    η 1  =  α 1  =  α 2  = 0   from Equations (12)–(16), the total direct labor hours is   T W H ≤ W  H 1    from Equation (11) and the total labor cost is the fixed cost   W  C 1   .




4.2.5. Total Rework Cost


In Equation (1),     ∑  i = 1  n   (  t  o i   +    t  c i   )  k o  B  A i    represents the total rework mix processing costs, and the associated constraints are shown in Equation (17).    t  o i     is the time of rework mix processing and    t  c i     is the time to shift each batch of product i to the rework mix department [57,58,59]. After mixing, the rubber charge is dropped into a chute and fed by an extruding screw into a roller die. Alternatively, the batch can be dropped onto an open rubber mill system.    k 0    is the unit labor/hour cost of the rework mix processing department. Rework mix processing refers to applying mechanical work to the ingredients in order to blend them into a homogeneous substance.   B  A i    is the batches of rework mix processing and    σ o    is the rework mix processing department production capacity.



Rework constraints:


     ∑  i = 1  n  (   t  o i   B  A i  +  t  c i   B  A i  ) ≤  σ o  ;   i = 1 , 2 , … , n   



(17)








4.2.6. Total Maintenance Cost


In Equation (1),     ∑  i = 1  n   (  t  δ i      δ i  +  t  p i    q i  )  k δ    represents the tire building maintenance costs, and the associated constraints are shown in Equations (18) and (19).    t  δ i     is the time to maintain building tires,    t  p i     is the time to package tires,    k δ    is the unit labor/hour costs of the maintenance tire building department,    δ i    is the amount of maintenance, and    s i    is the quantity of each maintenance activity. Equation (18) is the constraint concerning the product quantity and Equation (19) is the constraint concerning the capacity of the maintenance department.



Maintenance constraints:


    q i  =  s i   δ i  ;   i = 1 , 2 , … , n   



(18)






     ∑  i = 1  n  (   t  δ i    δ i  +  t  p i    q i  ) ≤  σ δ  ;   i = 1 , 2 , … , n   



(19)








4.2.7. Total Inspection Cost


After the tire has been cured, large commercial truck/bus tires, as well as some passenger and light truck tires, are inspected by X-ray or magnetic induction based inspection machines. Tire balance measurement is a test where the tire is automatically placed on wheel halves, rotated at a high speed, and measured for imbalance. In Equation (1),     ∑  i = 1  n   (  t  τ i      k τ   τ i  )   represents the tire inspection cost, and the associated constraints are shown in Equations (20) and (21).    k τ    is the unit tire inspection hourly cost,    t  τ i     is the inspection time for product i, and    σ τ    is the tire inspection capacity. Equation (20) is the constraint for tire inspection hour capacity, and Equation (21) is the constraint for product demand.    τ i    is a 0–1 variable, in other words, if a tire is not produced, then    τ i  = 0   will result in    q i  = 0   from Equation (21); conversely, if it is produced, then    τ i  = 1   will result in   0 ≤  q i  ≤  R i    from Equation (21).



Inspection constraints:


     ∑  i = 1  n  (   t  τ i    τ i  ) ≤  σ τ  ;   i = 1 , 2 , … , n   



(20)








    0 ≤  q i  ≤  R i   τ i  ;   i = 1 , 2 , … , n    



(21)






4.2.8. Total Waste Disposal Cost


The term   ( W  A 1   β 1  + W  A 2   β 2  + W  A 3   β 3  )   in Equation (1) represents the total waste disposal cost of tire production. It is assumed that the total waste disposal cost function is shown in Figure 8, which is a piecewise linear function composed of three segments with different disposal rates. The constraints associated with the company’s total waste disposal quantity (WAQ) are as shown in Equations (22)–(38). In Equation (22), WAQ represents the total waste disposal quantity, and   W A Q =   ∑  i = 1  n     w i   q i   , where    w i    is the average waste disposal quantity for one unit of product i.



In Equations (23)–(28),   (  μ 1  ,  μ 2  ,  μ 3  )   is an SOS1 set of 0–1 variables, within which exactly one variable must be one;   (  β 0  ,  β 1  ,  β 2  ,  β 3  )   is an SOS2 set of non-negative variables, within which no more than two adjacent variables to the order in the set are non-zero.   (  μ 1  ,  μ 2  ,  μ 3  )   is a set of indicator variables that indicate which range the company’s total waste disposal quantity falls within. If    μ 1  = 1  , then    μ 2  =  μ 3  = 0   from Equation (28),    β 0  ≤ 1 ,  β 1  ≤ 1 ,   and    β 2  =  β 3  = 0   from Equations (23)–(26). Thus, the company’s total waste disposal quantity falls within the first range,    [  0 , W  Q 1   ]   , i.e.,   W A Q = W  Q 1   β 1    from Equation (22), and the total waste disposal cost is   W  A 1   β 1   . Similarly, If    μ 2  = 1  , then the company’s total waste disposal quantity falls within the second range,    [  W  Q 1  , W  Q 2   ]   ; If    μ 3  = 1  , then the company’s total waste disposal quantity falls within the third range,    [  W  Q 2  , W  Q 3   ]   .



Waste disposal quantity constraints:


   W A Q =   ∑  i = 1  n     w i   q i  = W  Q 1   β 1  + W  Q 2   β 2  + W  Q 3   β 3    



(22)








     β 0  −  μ 1  ≤ 0    



(23)






     β 1  −  μ 1  −  μ 2  ≤ 0    



(24)






     β 2  −  μ 2  −  μ 3  ≤ 0    



(25)






     β 3  −  μ 3  ≤ 0    



(26)






     β 0  +  β 1  +  β 2  +  β 3  = 1    



(27)






     μ 1  +  μ 2  +  μ 3  = 1    



(28)






4.2.9. Carbon Tax Expenditure


The terms   [  T 1  (  B t  −  Q 1  ) +  T 2  (  C t  −  Q 1  ) +  T 3  (  D t  −  Q 1  ) ]   in Equation (1) represent the total carbon tax incurred during tire production. It is assumed that the carbon tax function is shown in Figure 4 (replicated for easy reading), which has the full progressive tax rates with a threshold. The constraints associated with the carbon tax function in Figure 4 are shown in Equations (29)–(37).



Carbon tax constraints:


   T C Q =   ∑  i = 1  n   T  A i     q i  =  A t  +  B t  +  C t  +  D t    



(29)








     A t  ≥ 0    



(30)






     A t  ≤  G 1   Q 1     



(31)






     B t  >  G 2   Q 1     



(32)






     B t  ≤  G 2   Q 2     



(33)






     C t  >  G 3   Q 2     



(34)






     C t  ≤  G 3   Q 3     



(35)






     D t  >  G 4   Q 3     



(36)






     G 1  +  G 2  +  G 3  +  G 4  = 1    



(37)





The tire industry is a high emission industry, and the carbon tax is expected to be efficient in terms of the downscaling of production and reduced emissions. A higher rate is imposed on higher carbon contents, and all carbon content levels are accompanied with corresponding progressive rates. The full progressive tax system reports better results in carbon reductions. In Figure 4, the carbon tax rate T1 < T2 < T3. In Equation (29), the company’s total carbon emission quantity is   T C Q =   ∑  i = 1  n   T  A i     q i    where   T  A i    is the carbon emission quantity per unit of product i; and    A t    , B  t    , C  t    , D  t    are the variables of TCQ when it falls within the first, second, third, and fourth range of carbon emission quantity shown in Figure 4, respectively. Also,    B t  ,  C t  ,  D t    are the variables of TCQ when it falls within the first, second, and third taxable range of carbon emission quantity whose carbon tax rates are    T 1   ,    T 2   , and    T 3   , respectively. In Equation (37),   (  G 1  ,  G 2  ,  G 3  ,  G 4  )   is an SOS1 set of 0–1 variables, within which exactly one variable must be one, which is a set of 0–1 indicator variables. If    G 1  = 1  , then    G 2  =  G 3  =  G 4  = 0   from Equation (37),   0 ≤  A t  ≤  G 1   Q 1    from Equations (30) and (31), and    B t  =  C t  =  D t  = 0   from Equations (32)–(36). Thus, TCQ falls within the first range of Figure 4, in which the carbon tax is zero. Similarly, TCQ falls within the second, third, or fourth range of carbon emission quantities in Figure 4 when    G 2  = 1  ,    G 3  = 1  , or    G 4  = 1  .




4.2.10. Total Machine Cost


As shown in Figure 9, this paper assumes that the machine costs are regarded as fixed costs with stepwise function for various machine hour ranges. The total machine cost is MC0 under the current capacity of MAi0 machine hours. If tire production requires an expansion of machine hours to MAi1, MAi2, …, or MAik, the total machine cost will increase to MCi1, Mi2, …, or MCik, respectively. According to the assumption, the term     ∑  k = 0  t   M  C  i k    θ  i k       in Equation (1) represents the total machine costs, and the associated constraints are shown in Equations (38) and (39).   (  θ  i 1   ,  θ  i 2   , … ,  θ  i k   )   is an SOS1 set of 0–1 variables, within which exactly one variable must be one, which is a set of 0–1 indicator variables. If    θ  i k   = 1  , then the machine hours will be expanded to   M  A  i k    θ  i k    , i.e.,    H i   q i  ≤ M  A k   θ k   , where    H i    is the carbon emission quantity for one unit of product i. Thus, the machine cost will be   M  C  i k    θ  i k    .



Stepwise machine hour constraints:


    H i   q i  ≤   ∑  k = 0  t   M  A  i k    θ  i k     ;   i = 1 , 2 , … , n   



(38)








     ∑  k = 0  t    θ  i k     = 1 ;   i = 1 , 2 , … , n   



(39)






4.2.11. The Complete Model


The complete green quality management decision model included the objective function, i.e., Equation (1), and Equation (38) constraints associated with various costs, i.e., Equations (2)–(39). This model was used for the analyses of four scenarios for carbon tax and capacity expansion:




	
Scenario 1: Current Capacity without Carbon Tax. The complete model for Scenario 1 included the objective function, Equation (1), and 28 constraints, Equations (2)–(28), and Equation (38), in which Equation (38) is    H i   q i  ≤ M  A  i 0    .



	
Scenario 2: Capacity Expansion without Carbon Tax. The complete model for Scenario 2 included the objective function, Equation (1), and Equation (29) constraints, Equations (2)–(28), and Equations (38) and (39).



	
Scenario 3: Current Capacity with Carbon Tax. The complete model for Scenario 3 included the objective function, Equation (1), and Equation (37) constraints, Equations (2)–(38), in which Equation (38) is    H i   q i  ≤ M  A  i 0    .



	
Scenario 4: Capacity Expansion with Carbon Tax. The complete model for Scenario 4 included the objective function, Equation (1), and Equation (38) constraints, Equations (2)–(39).











5. Numerical Illustration


In this section, a numerical example was used to illustrate the application of the model.



5.1. Data and Description of a Numerical Example


In this section, a numerical example in Company X was used to illustrate the concepts described in the previous section. First, this research obtained the optimal product-mix decision under current capacity status. Then, this research considered the capacity expansion. Finally, this research analyzed the optimal product-mix decision under current capacity and capacity expansion with a carbon tax. It was assumed that Product 1, Product 2 and Product 3 could be sold for NT $4000, NT $6000, and NT $7500 per unit.



The production process of Company X is shown in Figure 1. Company X needed the following main activities in producing tire products: two unit-level activities, tire building and mixing (U = {1,2}); two batch-level activities, component preparation and curing (B = {3,4}); and one product-level activity, product design (P = {5}). These activities would need direct material and direct labor hours. Three process-level activities using machine 1, machine 2, and machine 3 were used for product 1, product 2, and product 3, respectively. The company’s rework mix processing and extruder control departments were mainly used for rework processing and inspection of each batch of chemicals to the mixing department. On average, each rework mix processing took about 15 min for Product 1, Product 2, and Product 3, and rework mixing natural rubber and chemicals required 50 min, 55 min, and 60 min, respectively, to transfer Product 1, Product 2, and Product 3 to the tire building department. It took about 50 min for each order in the maintenance and pressing department, and it took eight minutes for the pressing of each unit of tires. It required 150 h, 300 h, and 250 h to process each batch of Product 1, Product 2, and Product 3 for inspection, respectively, and the inspection costs were NT $702,500. In the second stage of the ABC cost assignment view, the activity costs were traced to the cost objects. ABC uses activity drivers to measure the consumption of activities by the cost objects. In this example, products were used as the cost objects. This could trace COQ-related and COQ-unrelated costs to the products, as shown in Table 1.



Compounding is the activity of bringing together natural rubber, process oil, carbon black, accelerators, and other additives. The curing press is the activity where tires attain their final shape and tread pattern. Inspection did not just stop at the surface; some tires were sampled from the production line and X-rayed to detect any hidden weaknesses or internal failures. The data of the activity cost for each process and the available capacity are also presented in Table 2.




5.2. Four Scenario Analyses


5.2.1. Scenario 1: Current Capacity without Carbon Tax


The mathematical programming model for current capacity without carbon tax is shown in Table A1, and the optimal solution is shown in Table 3. The optimal product mix was to produce 580 units, 204 units and 408 units of Product 1, Product 2 and Product 3, respectively. It required 10,000 pounds of rubber and 3694 pounds of chemical materials, and it used 1160 h, 408 h and 1224 h for Machine 1, Machine 2, and Machine 3, respectively. A total of 2996 units of waste was generated, 250 h were spent on rework, 700 h were spent on inspection, and 511 h were spent on maintenance. For this scenario, the company gained the maximum profit of NT $2,391,377.




5.2.2. Scenario 2: Capacity Expansion without Carbon Tax


The mathematical programming model for capacity expansion without carbon tax is shown in Table A2, and the optimal solution is shown in Table 4. The optimal product mix was to produce 2300 units of Product 1 only. It required 13,800 pounds of rubber and 5750 pounds of chemical materials, and it used 4600 h for Machine 1. A total of 4600 units of waste was generated, 249 h were spent on rework, 150 h were spent on inspection, and 690 h were spent on maintenance. For this scenario, the company gained the maximum profit of NT $2,685,958.




5.2.3. Scenario 3: Current Capacity with Carbon Tax


The mathematical programming model for current capacity with carbon tax is shown in Table A3, and the optimal solution is shown in Table 5. The optimal product mix was to produce 1000 units and 284 units of Product 1 and Product 3, respectively. It required 10,000 pounds of rubber and 3636 pounds of chemical materials, and it used 2000 h and 852 h for Machine 1 and Machine 3, respectively. A total of 2852 units of waste was generated, 197 h were spent on rework, 450 h were spent on inspection, and 456 h were spent on maintenance. For this scenario, the company gained the maximum profit of NT $715,867 and paid a carbon tax of NT $1,452,000.




5.2.4. Scenario 4: Capacity Expansion with Carbon Tax


The mathematical programming model for capacity expansion with carbon tax is shown in Table A4, and the optimal solution is shown in Table 6. The optimal product mix was to produce 1500 units of Product 1 only. It required 10,000 pounds of rubber and 3750 pounds of chemical materials, and it used 3000 h for Machine 1. A total of 3000 units of waste was generated, 163 h were spent on rework, 150 h were spent on inspection, and 450 h were spent on maintenance. For this scenario, the company gained the maximum profit of NT $774,625 and paid a carbon tax NT $1,200,000.






6. Discussion of Results


From Scenario 1 to Scenario 3, the production quantity of Product 1 increased from 580 units to 2300 units, and the production quantities of Product 2 and Product 3 decreased to zero. However, the total profit increased from $2,391,377 to $2,695,958. In Scenario 3, the optimal product mix was to produce 2300 units of Product 1, which was determined by the revenue, resource consumptions, resource expansion costs, the carbon emission quantity of the three products, and the resources available, etc. Considering the scale of economy or satisfying the present customers’ need for each product, this study added the constraints of minimum production quantities for products.



Similarly, from Scenario 2 to Scenario 4, the production quantity of Product 1 increased from 1000 units to 1500 units, the production quantities of Product 3 decreased to zero, and the total profit increased from $715,867 to $774,625. The total revenue in the capacity expansion decreased by 130,000 (6,130,000–6,000,000) compared to the original total revenue. Product 1 increased by 500 units, Product 3 decreased by 284 units, and the company’s total carbon tax decreased by 252,000 (1,452,000–1,200,000). The quantity of Product 1 increased but the company’s total carbon tax did not increase accordingly, showing that the carbon emission coefficient of Product 1 was lower than that of the other products. This built-in tax flexibility could help firms to minimize their compliance costs over time.



The green quality management (GQM) report, shown in Table 7, included the data of the optimal product-mix, resources consumed, profit, COQ cost, and value-added and non-value-added activity costs for the four scenarios illustrated in this paper. This report provided several considerable advantages to the company. First, with the use of ABC, the activities and associated costs were classified as quality-related or quality-unrelated and VA or NVA in terms of activities. This classification could allow management to detect opportunities for cost reduction and the elimination of NVA activities which could be used in cost management [9]. The applied method was allowed to produce optimally and redirect the productive capacity towards products that save environmental costs and change, modify or redesign the production system from the environmental and quality cost point of view (such as the introduction of low carbon technologies or fuel sources, for example). Second, the measurement and reporting of GQM could provide opportunities which could be used by the organization as long-term performance measurements. Finally, the GQM report presented the cost of each product by activity and quality basis, which could be used to compare the contribution of each product to the company.




7. Conclusions


Enterprises expand capacity for profit while governments levy carbon emissions and tax standards for environmental protection, and it is necessary to take these two factors into consideration in current enterprise development. As global environmental awareness has become increasingly valued, enterprises also seek environmental protection while at the time gaining profit [9]. In addition to government pressure to reduce environmental pollution, people are forcing the government to formulate strict environmental regulations and levy fines for environmental pollution. In this way, it is hoped that enterprises can reduce pollution via environmental management [29].



Capacity expansion concerns whether an enterprise can achieve sustainable growth, increase sales volume, and even improve enterprise competitiveness. Therefore, how to apply capacity is an important and key factor of enterprises’ sustainable activities and ability to maintain competitiveness. The flexible use of capacity strategies to improve competitiveness is also a goal jointly pursued by all enterprises. As a result, how to make good use of capacity to intensify enterprises’ competitiveness and advantages is an important issue.



The green quality management decision model proposed in this paper has the following features:




	
It uses mathematical programming to simultaneously consider material purchase discounts, capacity expansions, capacity constraints, waste disposal, and carbon tax expenditures in order to determine an optimal product-mix decision.



	
It uses Activity-Based Costing to consider various levels of activities in order to accurately measure the cost of activities, identify the costs of quality, and identify the costs of value-added and non-value-added activities, which can indicate the possible benefits of improving or eliminating non-value-added activities.



	
It successfully formulates the various cost functions in the mathematical programming, such as material quantity discounts, the labor cost with high overtime rates, the piecewise linear waste disposal cost function, the machine cost with capacity expansion, and the carbon tax with full progressive tax rates and a threshold (used in the illustration). In such a way, companies can incorporate various resource expansions into the mathematical programming model to alleviate the workload of post-optimal analysis.








Additionally, there are two main contributions of this study:




	
First, it can provide decision-makers in tire production with the decisions and actions needed to respond to carbon tax policies, and it can provide environmental policy-makers with strategic thinking in policy making.



	
Second, it can help enterprises plan new practices for emission reduction and energy saving by combining Activity-based Costing Method and adopting Mathematical Programming Model analysis to create a win-win production method for environmental protection and enterprise profit.
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Table A1. The quality management decision model for current capacity without carbon tax (Scenario 1).






Table A1. The quality management decision model for current capacity without carbon tax (Scenario 1).





	
     M a x   π   = 4000 ×  q 1  + 6000 ×  q 2  + 7500 ×  q 3  − 50 ×  M  r 1   − 40 × M  d  r 1   − 30 × M d  d  r 1   − 40 ×  M  r 2   − 600 , 000 − 500 , 000 ×  α 1  − 1 , 800 , 000 ×  α 2       − 15 × 400 × ( B  A 1  + B  A 2  + B  A 3  ) ÷ 60   − 400 × ( 50 × B  A 1  + 55 × B  A 2  + 60 × B  A 3  ) ÷ 60 − 300 × ( 50 ×  δ 1  + 50 ×  δ 2  + 50 ×  δ 3  ) ÷ 60 − 300 × ( 8 ×  q 1  + 8 ×  q 2  + 8 ×  q 3  ) ÷ 60      − 702.5 × ( 150 ×  τ 1  + 300 ×  τ 2  + 250 ×  τ 3  )   − 400 , 000 ×  β 1  − 900 , 000 ×  β 2  + 200 , 000 ×  β 3  − 200 , 000 − 300 , 000 − 720 , 000 − 200 , 000     




	
Subject to—Direct Material

    6 ×  q 1  + 8 ×  q 2  + 10 ×  q 3  −  M  r 1   − M  d  r 1   − M d  d  r 1   ≤ 0     2.5 ×  q 1  + 3 ×  q 2  + 4 ×  q 3  −  M  r 2   ≤ 0     N D + S D + O D = 1    M  r 2   ≤ 10 , 000    M  r 2   ≥ 0      M  r 1   ≤ 10 , 000 × N D   M  d  r 1   ≤ 20 , 000 × S D   M d  d  r 1   ≤ 30 , 000 × O D     M  d  r 1   ≥ 10 , 000 × S D   M d  d  r 1   ≥ 20 , 000 × O D    

	
Subject to—Direct Labour

    2 ×  q 1  + 2 ×  q 2  + 3.5 ×  q 3  − 3000 − 2000 ×  α 1  − 5000 ×  α 2  ≤ 0      α 0  −  η 1  ≤ 0    α 1  −  η 1  −  η 2  ≤ 0    α 2  −  η 2  ≤ 0      η 1  +  η 2  = 1    α 0  +  α 1  +  α 2  = 1    

Subject to—Machine Hour

  2 ×  q 1  − 2000 ≤ 0   2 ×  q 2  − 3000 ≤ 0   3 ×  q 3  − 6000 ≤ 0  




	
Subject to—Inspection

    150 ×  τ 1  + 300 ×  τ 2  + 250 ×  τ 3  ≤ 1000      q 1  ≤ 7000 ×  τ 1     q 2  ≤ 4000 ×  τ 2     q 3  ≤ 5000 ×  τ 3     

Subject to—Waste Disposal

    2 ×  q 1  + 3 ×  q 2  + 3 ×  q 3  − 2000  β 1  − 3000 ×  β 2  − 5000 ×  β 3  ≤ 0      β 0  −  μ 1  ≤ 0    β 1  −  μ 1  −  μ 2  ≤ 0    β 2  −  μ 2  −  μ 3  ≤ 0    β 3  −  μ 3  ≤ 0      β 0  +  β 1  +  β 2  +  β 3  = 1    μ 1  +  μ 2  +  μ 3  = 1    

	
Subject to—Rework

    15 × B  A 1  + 15 × B  A 2  + 15 × B  A 3  + 50 × B  A 1  + 55 × B  A 2  + 60 × B  A 3  ≤ 250 × 60      q 1  = B  A 1  × 10    q 2  = B  A 2  × 4    q 3  = B  A 3  × 4    

Subject to—Maintenance

    50  δ 1  + 50  δ 2  + 50  δ 3  + 8  q 1  + 8  q 2  + 8  q 3  ≤ 4100 × 60      q 1  = 5 ×  δ 1     q 2  = 2 ×  δ 2     q 3  = 2 ×  δ 3     
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Table A2. The quality management decision model for capacity expansion without carbon tax (Scenario 2).






Table A2. The quality management decision model for capacity expansion without carbon tax (Scenario 2).





	
     M a x   π   = 4000 ×  q 1  + 6000 ×  q 2  + 7500 ×  q 3  − 50 ×  M  r 1   − 40 × M  d  r 1   − 30 × M d  d  r 1   − 40 ×  M  r 2   − 600 , 000 − 500 , 000 ×  α 1  − 1 , 800 , 000 ×  α 2       − 15 × 400 × ( B  A 1  + B  A 2  + B  A 3  ) ÷ 60   − 400 × ( 50 × B  A 1  + 55 × B  A 2  + 60 × B  A 3  ) ÷ 60 − 300 × ( 50 ×  δ 1  + 50 ×  δ 2  + 50 ×  δ 3  ) ÷ 60 − 300 × ( 8 ×  q 1  + 8 ×  q 2  + 8 ×  q 3  ) ÷ 60      − 702.5 × ( 150 ×  τ 1  + 300 ×  τ 2  + 250 ×  τ 3  ) − 400 , 000 ×  β 1  − 900 , 000 ×  β 2  + 200 , 000 ×  β 3       − 200 , 000 ×  θ  10   − 300 , 000 ×  θ  20   − 720 , 000 ×  θ  30   − 450 , 000 ×  θ  11   − 600 , 000 ×  θ  21   − 1 , 200 , 000 ×  θ  31   − 1 , 000 , 000 ×  θ  12   − 1 , 200 , 000 ×  θ  22   − 1 , 800 , 000 ×  θ  32   − 200 , 000     




	
Subject to—Direct Material

    6 ×  q 1  + 8 ×  q 2  + 10 ×  q 3  −  M  r 1   − M  d  r 1   − M d  d  r 1   ≤ 0     2.5 ×  q 1  + 3 ×  q 2  + 4 ×  q 3  −  M  r 2   ≤ 0     N D + S D + O D = 1    M  r 2   ≤ 10 , 000    M  r 2   ≥ 0      M  r 1   ≤ 10 , 000 × N D   M  d  r 1   ≤ 20 , 000 × S D   M d  d  r 1   ≤ 30 , 000 × O D     M  d  r 1   ≥ 10 , 000 × S D   M d  d  r 1   ≥ 20 , 000 × O D    

	
Subject to—Direct Labour

    2 ×  q 1  + 2 ×  q 2  + 3.5 ×  q 3  − 3000 − 2000 ×  α 1  − 5000 ×  α 2  ≤ 0      α 0  −  η 1  ≤ 0    α 1  −  η 1  −  η 2  ≤ 0    α 2  −  η 2  ≤ 0      η 1  +  η 2  = 1    α 0  +  α 1  +  α 2  = 1    

Subject to—Rework

    15 × B  A 1  + 15 × B  A 2  + 15 × B  A 3  + 50 × B  A 1  + 55 × B  A 2  + 60 × B  A 3  ≤ 250 × 60      q 1  = B  A 1  × 10    q 2  = B  A 2  × 4    q 3  = B  A 3  × 4    




	
Subject to—Inspection

    150 ×  τ 1  + 300 ×  τ 2  + 250 ×  τ 3  ≤ 1000      q 1  ≤ 7000 ×  τ 1     q 2  ≤ 4000 ×  τ 2     q 3  ≤ 5000 ×  τ 3     

Subject to—Waste Disposal

    2 ×  q 1  + 3 ×  q 2  + 3 ×  q 3  − 2000  β 1  − 3000 ×  β 2  − 5000 ×  β 3  ≤ 0      β 0  −  μ 1  ≤ 0    β 1  −  μ 1  −  μ 2  ≤ 0    β 2  −  μ 2  −  μ 3  ≤ 0    β 3  −  μ 3  ≤ 0      β 0  +  β 1  +  β 2  +  β 3  = 1    μ 1  +  μ 2  +  μ 3  = 1    

	
Subject to—Stepwise Machine Hour

    2 ×  q 1  − 2000 ×  θ  10   − 3000 ×  θ  11   − 5000 ×  θ  12   ≤ 0    θ  10   +  θ  11   +  θ  12   = 1     2 ×  q 2  − 3000 ×  θ  20   − 4000 ×  θ  21   − 6000 ×  θ  22   ≤ 0    θ  20   +  θ  21   +  θ  22   = 1     3 ×  q 3  − 6000 ×  θ  30   − 8000 ×  θ  31   − 9000 ×  θ  32   ≤ 0    θ  30   +  θ  31   +  θ  32   = 1    

Subject to—Maintenance

    50  δ 1  + 50  δ 2  + 50  δ 3  + 8  q 1  + 8  q 2  + 8  q 3  ≤ 4100 × 60      q 1  = 5 ×  δ 1     q 2  = 2 ×  δ 2     q 3  = 2 ×  δ 3     
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Table A3. The quality management decision model for current capacity with carbon tax (Scenario 3).






Table A3. The quality management decision model for current capacity with carbon tax (Scenario 3).





	
     M a x   π   = 4000 ×  q 1  + 6000 ×  q 2  + 7500 ×  q 3  − 50 ×  M  r 1   − 40 × M  d  r 1   − 30 × M d  d  r 1   − 40 ×  M  r 2   − 600 , 000 − 500 , 000 ×  α 1  − 1 , 800 , 000 ×  α 2       − 15 × 400 × ( B  A 1  + B  A 2  + B  A 3  ) ÷ 60   − 400 × ( 50 × B  A 1  + 55 × B  A 2  + 60 × B  A 3  ) ÷ 60   − 300 × ( 50 ×  δ 1  + 50 ×  δ 2  + 50 ×  δ 3  ) ÷ 60 − 300 × ( 8 ×  q 1  + 8 ×  q 2  + 8 ×  q 3  ) ÷ 60      − 702.5 × ( 150 ×  τ 1  + 300 ×  τ 2  + 250 ×  τ 3  ) − 400 , 000 ×  β 1  − 900 , 000 ×  β 2  + 200 , 000 ×  β 3  − 40 × ( B t − 10 , 000 ) − 50 × ( C t − 10 , 000 ) − 60 × ( D t − 10 , 000 )      − 200 , 000 − 300 , 000 − 720 , 000 − 200 , 000     




	
Subject to—Direct Material

    6 ×  q 1  + 8 ×  q 2  + 10 ×  q 3  −  M  r 1   − M  d  r 1   − M d  d  r 1   ≤ 0     2.5 ×  q 1  + 3 ×  q 2  + 4 ×  q 3  −  M  r 2   ≤ 0     N D + S D + O D = 1    M  r 2   ≤ 10 , 000    M  r 2   ≥ 0      M  r 1   ≤ 10 , 000 × N D   M  d  r 1   ≤ 20 , 000 × S D   M d  d  r 1   ≤ 30 , 000 × O D     M  d  r 1   ≥ 10 , 000 × S D   M d  d  r 1   ≥ 20 , 000 × O D    

	
Subject to—Direct Labour

    2 ×  q 1  + 2 ×  q 2  + 3.5 ×  q 3  − 3000 − 2000 ×  α 1  − 5000 ×  α 2  ≤ 0      α 0  −  η 1  ≤ 0    α 1  −  η 1  −  η 2  ≤ 0    α 2  −  η 2  ≤ 0      η 1  +  η 2  = 1    α 0  +  α 1  +  α 2  = 1    

Subject to—Machine hour

  2 ×  q 1  − 2000 ≤ 0   2 ×  q 2  − 3000 ≤ 0   3 ×  q 3  − 6000 ≤ 0  




	
Subject to—Waste Disposal

    2 ×  q 1  + 3 ×  q 2  + 3 ×  q 3  − 2000  β 1  − 3000 ×  β 2  − 5000 ×  β 3  ≤ 0      β 0  −  μ 1  ≤ 0    β 1  −  μ 1  −  μ 2  ≤ 0    β 2  −  μ 2  −  μ 3  ≤ 0    β 3  −  μ 3  ≤ 0      β 0  +  β 1  +  β 2  +  β 3  = 1    μ 1  +  μ 2  +  μ 3  = 1    

Subject to—Carbon Tax

    20 ×  q 1  + 40 ×  q 2  + 50 ×  q 3  ≤ A t + B t + C t + D t     A t ≥ 0   A t ≤  G 1  × 10 , 000   B t ≥  G 2  × 10 , 000   B t ≤  G 2  × 12 , 000     C t ≥  G 3  × 12 , 000   C t ≤  G 3  × 15 , 000   D t ≥  G 4  × 15 , 000      G 1  +  G 2  +  G 3  +  G 4  = 1    

	
Subject to—Rework

    15 × B  A 1  + 15 × B  A 2  + 15 × B  A 3  + 50 × B  A 1  + 55 × B  A 2  + 60 × B  A 3  ≤ 250 × 60      q 1  = B  A 1  × 10    q 2  = B  A 2  × 4    q 3  = B  A 3  × 4    

Subject to—Maintenance

    50  δ 1  + 50  δ 2  + 50  δ 3  + 8  q 1  + 8  q 2  + 8  q 3  ≤ 4100 × 60      q 1  = 5 ×  δ 1     q 2  = 2 ×  δ 2     q 3  = 2 ×  δ 3     

Subject to—Inspection

    150 ×  τ 1  + 300 ×  τ 2  + 250 ×  τ 3  ≤ 1000      q 1  ≤ 7000 ×  τ 1     q 2  ≤ 4000 ×  τ 2     q 3  ≤ 5000 ×  τ 3     
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Table A4. The quality management decision model for capacity expansion with carbon tax (Scenario 4).






Table A4. The quality management decision model for capacity expansion with carbon tax (Scenario 4).





	
     M a x   π   = 4000 ×  q 1  + 6000 ×  q 2  + 7500 ×  q 3  − 50 ×  M  r 1   − 40 × M  d  r 1   − 30 × M d  d  r 1   − 40 ×  M  r 2   − 600 , 000 − 500 , 000 ×  α 1  − 1 , 800 , 000 ×  α 2  − 15 × 400 × ( B  A 1  + B  A 2  + B  A 3  ) ÷ 60      − 400 × ( 50 × B  A 1  + 55 × B  A 2  + 60 × B  A 3  ) ÷ 60 − 300 × ( 50 ×  δ 1  + 50 ×  δ 2  + 50 ×  δ 3  ) ÷ 60 − 300 × ( 8 ×  q 1  + 8 ×  q 2  + 8 ×  q 3  ) ÷ 60   − 702.5 × ( 150 ×  τ 1  + 300 ×  τ 2  + 250 ×  τ 3  )      − 400 , 000 ×  β 1  − 900 , 000 ×  β 2  − 200 , 000  β 3    − 40 × ( B t − 10 , 000 ) − 50 × ( C t − 10 , 000 ) − 60 × ( D t − 10 , 000 ) − 200 , 000 ×  θ  10   − 300 , 000 ×  θ  20   − 720 , 000 ×  θ  30        − 450 , 000 ×  θ  11   − 600 , 000 ×  θ  21   − 1 , 200 , 000 ×  θ  31   − 1 , 000 , 000 ×  θ  12   − 1 , 200 , 000 ×  θ  22   − 1 , 800 , 000 ×  θ  32   − 200 , 000     




	
Subject to—Direct Material

    6 ×  q 1  + 8 ×  q 2  + 10 ×  q 3  −  M  r 1   − M  d  r 1   − M d  d  r 1   ≤ 0     2.5 ×  q 1  + 3 ×  q 2  + 4 ×  q 3  −  M  r 2   ≤ 0     N D + S D + O D = 1    M  r 2   ≤ 10 , 000    M  r 2   ≥ 0      M  r 1   ≤ 10 , 000 × N D   M  d  r 1   ≤ 20 , 000 × S D   M d  d  r 1   ≤ 30 , 000 × O D     M  d  r 1   ≥ 10 , 000 × S D   M d  d  r 1   ≥ 20 , 000 × O D    

	
Subject to—Direct Labour

    2 ×  q 1  + 2 ×  q 2  + 3.5 ×  q 3  − 3000 − 2000 ×  α 1  − 5000 ×  α 2  ≤ 0      α 0  −  η 1  ≤ 0    α 1  −  η 1  −  η 2  ≤ 0    α 2  −  η 2  ≤ 0      η 1  +  η 2  = 1    α 0  +  α 1  +  α 2  = 1    

Subject to—Rework

    15 × B  A 1  + 15 × B  A 2  + 15 × B  A 3  + 50 × B  A 1  + 55 × B  A 2  + 60 × B  A 3  ≤ 250 × 60      q 1  = B  A 1  × 10    q 2  = B  A 2  × 4    q 3  = B  A 3  × 4    




	
Subject to—Inspection

    150 ×  τ 1  + 300 ×  τ 2  + 250 ×  τ 3  ≤ 1000      q 1  ≤ 7000 ×  τ 1     q 2  ≤ 4000 ×  τ 2     q 3  ≤ 5000 ×  τ 3     

Subject to—Waste disposal

    2 ×  q 1  + 3 ×  q 2  + 3 ×  q 3  − 2000  β 1  − 3000 ×  β 2  − 5000 ×  β 3  ≤ 0      β 0  −  μ 1  ≤ 0    β 1  −  μ 1  −  μ 2  ≤ 0    β 2  −  μ 2  −  μ 3  ≤ 0    β 3  −  μ 3  ≤ 0      β 0  +  β 1  +  β 2  +  β 3  = 1    μ 1  +  μ 2  +  μ 3  = 1    

Subject to—Shipping

    50  δ 1  + 50  δ 2  + 50  δ 3  + 8  q 1  + 8  q 2  + 8  q 3  ≤ 4100 × 60      q 1  = 5 ×  δ 1     q 2  = 2 ×  δ 2     q 3  = 2 ×  δ 3     

	
Subject to—Stepwise Machine Hour

    2 ×  q 1  − 2000 ×  θ  10   − 3000 ×  θ  11   − 5000 ×  θ  12   ≤ 0    θ  10   +  θ  11   +  θ  12   = 1     2 ×  q 2  − 3000 ×  θ  20   − 4000 ×  θ  21   − 6000 ×  θ  22   ≤ 0    θ  20   +  θ  21   +  θ  22   = 1     3 ×  q 3  − 6000 ×  θ  30   − 8000 ×  θ  31   − 9000 ×  θ  32   ≤ 0    θ  30   +  θ  31   +  θ  32   = 1    

Subject to—Carbon Tax

    20 ×  q 1  + 40 ×  q 2  + 50 ×  q 3  ≤ A t + B t + C t + D t     A t ≥ 0   A t ≤  G 1  × 10 , 000   B t ≥  G 2  × 10 , 000   B t ≤  G 2  × 12 , 000     C t ≥  G 3  × 12 , 000   C t ≤  G 3  × 15 , 000   D t ≥  G 4  × 15 , 000      G 1  +  G 2  +  G 3  +  G 4  = 1    
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Figure 1. Tire production flow chart. 






Figure 1. Tire production flow chart.
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Figure 2. Cost Assignment of ABC’s two-stage model. 
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Figure 3. The fixed tax rate. 
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Figure 4. The full progressive tax rate without a threshold. 
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Figure 5. The full progressive tax rate with a threshold. 
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Figure 6. Direct material cost. 
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Figure 7. Direct labor cost. 
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Figure 8. Waste disposal cost. 
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Figure 9. Stepwise process-level activity cost. 
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Table 1. Activity analysis in accordance with COQ and ABC.
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	Activities
	Activity

Drivers
	ABC

Categories
	COQ

Scheme





	Direct labor
	Labor hours
	VA
	-



	Machine 1
	Machine hours
	VA
	-



	Machine 2
	Machine hours
	VA
	-



	Machine 3
	Machine hours
	VA
	-



	Marketing, Plant guard & management
	Labor hours
	VA
	-



	Waste disposal
	Number of disposal
	NVA
	Internal failure



	Carbon emission
	Carbon emission quantities
	NVA
	External failure



	Rework
	Labor hours
	NVA
	Internal failure



	Inspection
	Inspection hours
	VA
	Appraisal



	Maintenance
	Machine hours
	VA
	Prevention







VA: Value-added; NVA: Non-value-added.
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Table 2. Data for the numerical example.
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Panel A: Production Information

	
Product 1

	
Product 2

	
Product 3

	
Available Capacity






	
Maximum Demand

	
70,000

	
40,000

	
50,000

	
-




	
Selling Price

	
$4000

	
$6000

	
$7500

	
-




	
Quantity of Batch

	
BAi

	
10

	
4

	
4

	
-




	
Quantity of Maintenance

	
si

	
5

	
2

	
2

	
-




	
Direct Material Constraint




	
 Cost/Unit

	
L1 = $50/unit

	
Ld1 = $40/unit

	
Ldd1 = $30/unit

	
6

	
8

	
10

	
X1 = 30,000




	
L2 = $40/unit

	
-

	
-

	
2.5

	
3

	
4

	
X2 = 10,000




	
 Material Quantities

	
TD1 = 10,000

	
W1 = 20,000

	
-

	
-

	
-

	
-

	
-




	
Direct Labour Constraint




	
 Cost

	
WC1 = $600,000

	
WC2 = $1,100,000

	
WC3 = $2,400,000

	
-

	
-

	
-

	
-




	
 Labour Hours

	
WH1 = 3000

	
WH2 = 5000

	
WH3 = 8000

	
2

	
2

	
3.5

	
WH3 = 8000




	
 Wage Rate

	
WR1 = $200/h

	
WR2 = $250/h

	
WR3 = $300/h

	
-

	
-

	
-

	
-




	
Waste Disposal Constraint




	
 Cost

	
WA1 = $400,000

	
WA2 = $900,000

	
WA2 = $2,000,000

	
-

	
-

	
-

	
-




	
 Disposal Quantity

	
WQ1 = 2000

	
WQ2 = 3000

	
WQ3 = 5000

	
2

	
3

	
3

	
WQ3 = 5000




	
 Disposal Rate

	
DR1 = $200/h

	
DR2 = $300/h

	
DR3 = $400/h

	
-

	
-

	
-

	
-




	
Time Driver




	
 Inspection Hours

	
    t  τ i     

	
150

	
300

	
250

	
-




	
 Machine Hours

	
    H i    

	
2

	
2

	
3

	




	
Carbon Emission Constraint




	
 Cost/Unit

	
T1 = $40/unit

	
T2 = $50/unit

	
T3 = $60/unit

	
-

	
-

	
-

	
-




	
 Upper Limit of Carbon Emission Quantity

	
Q1 = 10,000

	
Q2 = 12,000

	
Q3 = 15,000

	
20

	
40

	
50

	
Q3 = 15,000




	
Process-level activity

	
Machine 1

	
Machine 2

	
Machine 3




	
Current capacity




	
 Cost

	

	
MC10 = $200,000

	
MC20 = $300,000

	
MC30 = $720,000




	
 Machine hours

	

	
MA10 = 2000

	
MA20 = 3000

	
MA30 = 6000




	
Capacity expansion 1




	
 Cost

	

	
MC11 = $450,000

	
MC21 = $600,000

	
MC31 = $1,200,000




	
 Machine hours

	

	
MA11 = 3000

	
MA21 = 4000

	
MA31 = 8000




	
Capacity expansion 2




	
 Cost

	

	
MC12 = $1,000,000

	
MC22 = $1,200,000

	
MC32 = $1,800,000




	
 Machine hours

	

	
MA12 = 5000

	
MA22 = 6000

	
MA32 = 9000




	
Panel B: Resources consumed




	

	
Rework

	
Maintenance

	
Inspection




	
Resources

	
$100,000

	
$1,230,000

	
$702,500




	
Capacity (hours)

	
   σ o    = 250

	
   σ δ    = 4100

	
   σ τ    = 1000




	
Per hour/rate

	
   k 0    = $400/h

	
   k δ   = $300/h

	
   k τ   = $702.5/h
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Table 3. Optimal solution for current capacity without carbon tax (Scenario 1).
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	Optimal Product Mix Solution for Current Capacity without Carbon Tax (Scenario 1)





	      q 1  = 580    q 2  = 204    q 3  = 408    M  r 1   = 0   M  d  r 1   = 10 , 000   M d  d  r 1   = 0    M  r 2   = 3694    α 0  = 1    α 1  = 0    α 2  = 0    β 0  = 0    β 1  = 0      β 2  = 1    β 3  = 0   B  A 1  = 58   B  A 2  = 51   B  A 3  = 102    δ 1  = 116    δ 2  = 102    δ 3  = 204    τ 1  = 1    τ 2  = 1    τ 3  = 1   N D = 0   S D = 1   O D = 0      η 1  = 1    η 2  = 0    μ 1  = 0    μ 2  = 1    μ 3  = 0     







The mathematical programming model for current capacity without carbon tax is shown in Table A1.
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Table 4. Optimal solution for capacity expansion without carbon tax (Scenario 2).
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	Optimal Product Mix Solution for Capacity Expansion without Carbon Tax (Scenario 2)





	      q 1  = 2300    q 2  = 0    q 3  = 0    M  r 1   = 0   M  d  r 1   = 13 , 800   M d  d  r 1   = 0    M  r 2   = 5750    α 0  = 0    α 1  = 1    α 2  = 0    β 0  = 0    β 1  = 0    β 2  = 0    β 3  = 1   B  A 1  = 230   B  A 2  = 0   B  A 3  = 0      δ 1  = 460    δ 2  = 0    δ 3  = 0    τ 1  = 1    τ 2  = 0    τ 3  = 0   N D = 0   S D = 1   O D = 0    η 1  = 0    η 2  = 1    μ 1  = 0    μ 2  = 0    μ 3  = 1    θ  10   = 0    θ  11   = 0    θ  12   = 1    θ  20   = 1    θ  21   = 0    θ  22   = 0      θ  30   = 1    θ  31   = 0    θ  32   = 0     







The mathematical programming model is shown in Table A2.
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Table 5. Optimal solution for current capacity with carbon tax (Scenario 3).
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	Optimal Product Mix Solution for Current Capacity with Carbon Tax (Scenario 3)





	      q 1  = 1000    q 2  = 0    q 3  = 284    M  r 1   = 0   M  d  r 1   = 10 , 000   M d  d  r 1   = 0    M  r 2   = 3636    α 0  = 1    α 1  = 0    α 2  = 0    β 0  = 0    β 1  = 0    β 2  = 1    β 3  = 0   B  A 1  = 100   B  A 2  = 0   B  A 3  = 71      δ 1  = 200    δ 2  = 0    δ 3  = 142    τ 1  = 1    τ 2  = 0    τ 3  = 1   N D = 0   S D = 1   O D = 0    η 1  = 1    η 2  = 0    μ 1  = 0    μ 2  = 1    μ 3  = 0   A t = 0   B t = 0   C t = 0   D t = 34 , 200      G 1  = 0    G 2  = 0    G 3  = 0    G 4  = 1     







The mathematical programming model for current capacity with carbon tax is shown in Table A3.













[image: Table] 





Table 6. Optimal solution for capacity expansion with carbon tax (Scenario 4).
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	Optimal Product Mix Solution for Capacity Expansion with Carbon Tax (Scenario 4)





	      q 1  = 1500    q 2  = 0    q 3  = 0    M  r 1   = 0   M  d  r 1   = 10 , 000   M d  d  r 1   = 0    M  r 2   = 3750    α 0  = 1    α 1  = 0    α 2  = 0    β 0  = 0    β 1  = 0    β 2  = 1    β 3  = 0   B  A 1  = 150   B  A 2  = 0   B  A 3  = 0      δ 1  = 300    δ 2  = 0    δ 3  = 0    τ 1  = 1    τ 2  = 0    τ 3  = 0   N D = 0   S D = 1   O D = 0    η 1  = 1    η 2  = 0    μ 1  = 0    μ 2  = 1    μ 3  = 0    θ  10   = 0    θ  11   = 1    θ  12   = 0    θ  20   = 1    θ  21   = 0    θ  22   = 0      θ  30   = 1    θ  31   = 0    θ  32   = 0   A t = 0   B t = 0   C t = 0   D t = 30 , 000    G 1  = 0    G 2  = 0    G 3  = 0    G 4  = 1     







The mathematical programming model for capacity expansion with carbon tax is shown in Table A4.
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Table 7. Green quality management report for comparison of the four decision scenarios.
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Current Capacity

	
Capacity Expansion




	
Without

Carbon Tax

(Scenario 1)

	
With

Carbon Tax

(Scenario 2)

	
Without

Carbon Tax

(Scenario 3)

	
With

Carbon Tax

(Scenario 4)






	
Panel A: Production-mix

	
Product A1

	
580

	
1000

	
2300

	
1500




	
Product A2

	
204

	
0

	
0

	
0




	
Product A3

	
408

	
284

	
0

	
0




	
Panel B: Resources Consumed

	
Direct material 1

	
10,000

	
10,000

	
13,800

	
10,000




	
Direct material 2

	
3694

	
3636

	
5750

	
3750




	
Direct labor hours

	
2996

	
2994

	
4600

	
3000




	
Machine 1 (hours)

	
1160

	
2000

	
4600

	
3000




	
Machine 2 (hours)

	
408

	
0

	
0

	
0




	
Machine 3 (hours)

	
1224

	
852

	
0

	
0




	
Waste disposal

	
2996

	
2852

	
4600

	
3000




	
Carbon emission

	
-

	
34,200

	
-

	
30,000




	
Rework

	
250

	
197

	
249

	
163




	
Inspection

	
700

	
450

	
150

	
150




	
Maintenance

	
511

	
456

	
690

	
450




	
Panel C: Profit

	
Revenue

	
6,604,000

	
6,130,000

	
9,200,000

	
6,000,000




	
Direct material 1

	
400,000

	
400,000

	
552,000

	
400,000




	
Direct material 2

	
147,760

	
145,440

	
230,000

	
150,000




	
Direct labor (VA)

	
600,000

	
600,000

	
1,100,000

	
600,000




	
Machine 1 (VA)

	
200,000

	
200,000

	
1,000,000

	
450,000




	
Machine 2 (VA)

	
300,000

	
300,000

	
300,000

	
300,000




	
Machine 3 (VA)

	
720,000

	
720,000

	
720,000

	
720,000




	
Waste disposal cost (NVA, Internal failure)

	
900,000

	
900,000

	
2,000,000

	
900,000




	
Carbon tax (NVA, External failure)

	
-

	
1,452,000

	
-

	
1,200,000




	
Rework cost (NVA, Internal failure)

	
99,933

	
78,833

	
99,667

	
65,000




	
Inspection cost (VA, Appraisal)

	
491,750

	
281,000

	
105,375

	
105,375




	
Maintenance cost (VA, Prevention)

	
153,180

	
136,860

	
207,000

	
135,000




	
Marketing, Plant guard & management (VA)

	
200,000

	
200,000

	
200,000

	
200,000




	
Income based on resources consumed

	
2,391,377

	
715,867

	
2,685,958

	
774,625




	
Panel D: COQ Report

	
Total product cost

	
4,012,623

	
5,214,133

	
6,314,042

	
5,025,375




	
Total activity cost

	
3,664,863

	
4,868,693

	
5,732,042

	
4,675,375




	
Total VA cost

	
2,664,930

	
2,437,860

	
3,632,375

	
2,510,375




	
Total NVA cost

	
999,933

	
2,430,833

	
2,099,667

	
2,165,000




	
Total COQ cost

	
1,644,863

	
2,848,693

	
2,412,042

	
2,405,375




	
Data Sources

	

	
Table 3

	
Table 5

	
Table 4

	
Table 6
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