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Abstract: The industrial revolution has grown to the fourth generation, or so-called Industry 4.0.
The literature on Industry 4.0 is quite extensive and involves many different dimensions; however,
production costs under Industry 4.0 have seldom been discussed. On the other hand, environmental
problems are increasingly serious nowadays. Activity-Based Costing is a mature accounting method
that can easily trace direct and indirect product costs, based on activities, as well as trace the carbon
tax to products, which may lead to different product combinations, in order to reduce environment
problems. Thus, the purpose of this paper is to propose a green activity-based costing production
planning model under Industry 4.0. In order to make the paper more realistic, we suggest three
models with five possible scenarios: normal and material cost fluctuation, material cost discount, and
carbon tax with the related cost function. The Aluminum-Alloy Wheel industry was chosen as the
illustrative industry to present the results. The model provides managers with a way to deal with
the cost problem under Industry 4.0 and to be able to handle the environmental issues in making
production decisions. This paper also provides suggestions for governments that have not considered
carbon taxation.

Keywords: Activity-Based Costing (ABC); Industry 4.0; aluminum-alloy wheel industry;
mathematical programming

1. Introduction

With maturing information, improved communication, and industrial technology, the industrial
revolution has grown to the fourth generation, so-called Industry 4.0 [1]. In order to meet the trend,
corporations around the world are now facing the huge changes from the traditional factory to the
intelligent factory [2]. On the other hand, people around the world are now facing environment
problems, such as the ozone hole [3], global warming with its attendant melting arctic ice [4], the
emergence of extreme weather [5], etc.; all of these are the result of human destruction of the
environment. The green issues have been of concern for many years; governments, corporates,
and scholars around the world have also spent much time in exploring different types of green issues.

The current studies on Industry 4.0 have been growing rapidly since the Hannover Fair in
Germany (April 2011). The related papers on these issues involve many different dimensions.
In engineering, the issues of concern include how to implement, apply or re-engineer [6–13].
In computer science, scholars are not only concerned about the application of the technology of
Industry 4.0 [14–16], but also the Internet of Things (IoT), Internet of Services (IoS), Cyber-Physical
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Systems (CPS), and so on. They are also interested in adding various Information Technology (IT)
elements to improve communication between humans and machines, as well as data utilization [17–25].
In business, management and accounting, the topics include management, control and business
strategies [26–30], such as supply chain management, life cycle management, shop floor control, and
production control.

The discussions on green issues have continued for more than two decades, from the Kyoto
Protocol announced in 1997 to the Paris Agreement announced in 2015, and beyond; the literature
also covers various fields. Some of which investigate the relation between society factors and carbon
emissions, for example, Begum et al. [31] used econometric approaches to investigate the dynamic
impacts on CO2 emissions with GDP growth, energy consumption, and population growth in Malaysia.
They found that both per capita energy consumption and per capita GDP has a positive impact with
per capita carbon emissions. Friedlingstein et al. [32] and Meinshausen et al. [33] investigated the 2 ◦C
limitation of global warming, they both point out that the current emission of greenhouse gas may
exceed the limit and provide a suggestion or a comprehensive probabilistic analysis for further help.
There also exist technological ways to reduce the emission quantity of greenhouse gases [34,35].

There are also researchers using mathematical programming to calculate the emission costs
in different fields, such as, airlines [36,37], green buildings [38–41], the electrical and electronic
industry [42–44], the pulp and paper industry [45], the pharmaceutical industry [46], and the
automotive industry [47]. These papers use the Activity-Based Costing method to collect the carbon
cost based on activities, they also combine different ways to make the data more realistic, such as
stepwise linear function, fuzzy method, and multiple criteria decision making (MCDM).

Both Industry 4.0 and green issue studies have developed to a certain degree; however, cost
calculations of green issues under Industry 4.0 have not yet emerged. Moreover, cost issues are always
the mainly concern of the entire enterprise, and these concerns differ for each company. Thus, this
paper aims to fill this gap by using the Activity Based Costing (ABC) method to collect data, which
could increase the accuracy of cost-related data to control the costs of projects [44,48–50] after the
implementation of Industry 4.0, as well as the taxation of carbon tax on each product to address
green issues. This paper also tries to provide different models and possible scenarios to deal with
complicated real world business situations, such as material cost fluctuations, price discounts with
high quantity purchases, etc.

As illustrated above, this paper selects the Aluminum-Alloy Wheel industry as the example
industry, and designs three kinds of models with five possible business scenarios, which include
normal, material cost fluctuation, material cost discount, and the carbon tax scenario for further
scenario analysis. Considering the cost issues in Industry 4.0, we use labor cost as the linkage. The
results show different optimal solutions, based on each scenario. Further explanations for each model
and scenario are also proposed.

The remaining sections of this paper are organized, as follows: Section 2 discusses the research
background; the literature on Industry 4.0, the green production approach, and environmental
protection in the Aluminum-Alloy Wheel industry will be introduced. Section 3 presents a green
production-planning model under ABC and Industry 4.0; in this section, the cost of each activity can be
calculated, as based on the proposed model and assumed scenarios. Section 4 deals with the example
data, which show the results based on Section 3. A brief discussion and conclusions are given in
Section 5.

2. Literature Review

2.1. Brief Introduction to Industry 4.0

The term “Industry 4.0” was revealed for the first time at the Hannover Fair in April 2011 [1].
According to the dream car report [51], the origin of this term can be traced back to the vision
of the industry of the future by the Communication Promoters Group of the Industry Science
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Research Alliance. With the promotion of this group, the federal government adopted the project
“Industry 4.0” in November 2011 as part of its High-Tech Strategy action plan. At the same time,
the Communication Promoters Group initiated the Working Group Industry 4.0, and the first
implementation recommendations on Industry 4.0 were developed from January to October 2012; they
also accomplished the final report, which included eight fields of action, and proposed it to German
Chancellor Angela Merkel at the Hannover Fair in 2013.

The term “Industry 4.0” is a collective concept which contains technologies and concepts of value
chain organization [9], such as CPS, IoT, IoS, Smart Factory, and so on. With CPS, the real world and
virtual world can be connected together, for example, the refrigerator, washing machine, or other
physical objects with a sensor, storage or other intelligent components can deliver the data through the
internet to communicate with each other. CPS is also a key factor as a technological enabler of Industry
4.0 [51]. With IoT, objects with internet components, such as Wi-Fi devices, can be easily connected
together [52]. The IoT is also a key component in Industry 4.0; it not only can help CPS communicate
with each other, but also provide information to humans in real time [9].

The cost issues related to Industry 4.0 already exist in the literature. Ślusarczyk [53] offered
an overview on Industry 4.0 and illustrated the expected level of cost reduction, which included
weighted average with 3.6% decrease, transportation and logistics with 3.2% decrease, metals with
3.2% decrease, industrial manufacturing with 3.6% decrease, forest, paper, and packaging with 4.2%
decrease, engineering and construction with 3.4% decrease, electronics with 3.7% decrease, automotive
with 3.9% decrease, and aerospace, defense, and security with 3.7% decrease. Lee et al. [54] illustrated
the trends of manufacturing service transformation in big data environments. The author made some
conclusions and mentioned that “labor costs will reduce due to the new trend of industry” and “costs
will be reduced by energy-saving, optimized maintenance scheduling, and supply chain management”.

2.2. Industry 4.0 and Aluminum-Alloy Wheel Industry

Although literature regarding the impact of the introduction of Industry 4.0 on the aluminum-alloy
wheel industry is scarce, current application has already been shown in exhibitions around the
world. In the 2018 Taipei Intelligent Machinery & Manufacturing Technology Show (iMTduo), the
Aluminum-Alloy Wheel industry first presented their applications of Industry 4.0. These applications
included Automatic Virtual Metrology (AVM), Augmented and Virtual Reality (AVR), and Intelligent
Predictive Maintenance (IPM). With AVM, real time data is sent to the cloud, where anyone can monitor
the production process in real time; it also can reduce waste and defect loss during the production
process. With AVR and IPM, engineers can obtain the current status and remaining life of each machine
part, as well as the ability to conduct remote maintenance.

2.3. Green Production and Environmental Protection in the Aluminum-Alloy Wheel Industry

Green issues have led to many entities trying to reduce carbon emissions. In the aluminum-alloy
industry, reducing the material weight is a popular method; for example, Yilmaz et al. [55] used
three kinds of aluminum alloy to reduce the weight of vehicle doors. Other scholars also employed
a lightweight approach to reduce fuel consumption in order to reduce emission quantities [56–59].
Another relevant way, but still related to weight, employed by the aluminum alloy wheel industry
involves structural changes or using different casting methods. Deschamps et al. [60] examined the
interplay between improving the alloys and the part’s geometry in seeking to reduce the weight;
Peng et al. [61] added other materials in the casting process to reduce the weight.

3. Green Production Planning Model under ABC and Industry 4.0

3.1. A Production Process for a Typical Aluminum-Alloy Wheel Company

The traditional aluminum alloy wheel companies’ production process is simplified, as shown in
Figure 1. In this figure, the oval signifies the input/output of an aluminum alloy wheel, where the
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input will be aluminum ingot or aluminum alloy and the output will be saleable products; the square
means the production process of the aluminum alloy wheel. The overall process can be divided into
four parts: Casting, Heat Treatment, Computer Numerical Control (CNC) Processing, and Painting.
The CNC Processing can be broken down into first time and second time processing, the use of second
time processing will depend on different product types. For example, the typical car wheel may only
need the first time CNC process, but the customized vehicle wheel may need both the first time and
second time of CNC processing.
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Figure 1. Aluminum alloy wheel production process.

This section is divided into subheadings, which provide concise and precise descriptions of
the experimental results, as well as their interpretations and the experimental conclusions that can
be drawn.

3.2. Assumptions

In this paper, as assumed, the example of company’s profit comes from three types of green
products: Car rims (i = 1), Truck rims (i = 2), and Customized car rims (i = 3). In order to be more
realistic, this paper proposes three models with five different business scenarios. Where Model A
includes the normal scenario and the material fluctuation scenario, which includes rising and falling
material costs; Model B is a material discount scenario; and Model C is an environment scenario. Other
assumptions used in this green production-planning model are listed below:

1. All activities in this green ABC model are divided into unit-level and batch-level.
2. The related resources driven and activity driver have been chosen by the example company.
3. The unit-selling prices of all products remain the same in the relevant period.
4. The material cost remains the same in the relevant period during the normal and fluctuation

scenarios, but when the total purchasing material quantity exceeds that of the first segment, the
purchase receives a 1.4% discount for all material, and a 4.2% discount for all material when the
purchase quantity exceeds that of the second segment.
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5. The direct labor hours according to government policy can be extended by using first overtime
work and second overtime work.

6. The carbon tax is taxed at different rates of different emission quantities.
7. The direct labor resources and machine hour resources cannot use outsourcing to expand.

The remainder of this section is, as follows. In Section 3.3, Model A, the ABC model without
other business scenarios is introduced. It includes objective function, unit-level labor cost function,
batch-level activity cost function, and other sales and production constraints. In Section 3.4, Model B,
the material discount scenario is introduced. The objective function and other functions and constraints
are based on the Model A mentioned in Section 3.3; a discount function and constraint are added in
this scenario. Lastly, Model C considers the carbon tax scenario. The objective function and another
constraint are based on Model B, as mentioned in Section 3.4, and the added carbon tax function and
constraint are illustrated in Section 3.5.

3.3. Model A: ABC Model without Other Business Scenarios

Model A considers the basic business situation, and contains the objective function with Equation
(1A), the constraints of unit-level direct labor cost function with Equations (2) to (7), the constraints
of batch-level activity cost functions for material handling and setup activities with Equations (8) to
(11), and other sale and production constraints with Equation (12) and Equation (13). The following
subsection introduces the objective function in detail, as well as the associated constraints.

3.3.1. Objective Function

The objective function of the green production-planning model under ABC and Industry 4.0 is
as follows:

The company’s maximized profit π = the sales revenue of each product − total direct material
consumption cost − labor hour cost − unit-level activity cost − batch-level activity cost − carbon tax
− other fixed cost

π =
n
∑

i = 1
PiXi −

n
∑

i = 1

2
∑

k = 1
CkqikXi − [LC1 + σ1(LC2 − LC1) + σ2(LC3 − LC1)]

−djηjBj −
n
∑

i = 1
djγijBij − F

(1A)

where
π The company’s profit

Pi Unit prices when selling one unit of product i
Xi Total produced quantity of product i
Ck Costs of material k when each unit consumed
qik The consumption quantity of material k when producing one unit of product i

LC1, LC2, LC3 Total direct labor cost for normal labor hours (LC1), first overtime (LC2) and second overtime
(LC3) work

σ0, σ1, σ2 A special ordered set of type 2 (SOS2) variable, which must be a set of positive variables; at
most two variables in ordering can be non-zero [62]

dj The activity cost when executing one unit of activity j
ηj The batch-level activity (j ∈ B) driven requirement for material handling activity

γij The batch-level activity (j ∈ B) driven requirement for product i at a setup activity
Bj The quantity of batch-level activity (j ∈ B) at material handling activity
Bij The quantity of batch-level activity (j ∈ B) for product i at setup activity

F The company’s reaming fixed costs

The detailed description of the above model will be introduced in the subsection below; however,
the direct material cost is simpler than the others so we included it here instead of in an independent
subsection. The term ∑n

i = 1 ∑2
k = 1 CkqikXi in the second set of Equation (1A) represents total direct
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material cost. Based on the assumption proposed in Section 3.2, this model’s material cost under
normal scenario will be the fixed direct material costs at any quantity. Other cost functions and
constraints: the detailed description of other functions and constraints, such as labor cost function,
batch-level activity function, etc., are described in the following sections.

3.3.2. Unit-Level Direct Labor Cost Function

The term [LC1 + σ1(LC2 − LC1) + σ2(LC3 − LC1)] in the third set Equation (1A) represents the
unit-level direct labor cost. Equations (2) to (7) represent the constraints of the direct labor resources.
The direct labor resources and their costs are separated into normal, first overtime, and second overtime
work hours. The relevant work hours and wage rates can be composed into three segments of piecewise
linear function, as shown in Figure 2. In Equations (2) to (7), (β1, β2) is a special ordered set of type 1
(SOS1) variable, so, when one of the variables is set to one, another variable must be exactly zero; (σ0,
σ1, σ2) is an SOS2 variable, which must be a set of positive variables; at most, two variables in the
ordering can be non-zero [62]. If β1 = 1, then β2 = 0 (Equation (7)), σ0, σ1 ≤ 1 (Equations (3), (4)), σ2 = 0
(Equation (5)), and σ0 + σ1 = 1 (Equation (6)). This means the direct labor hours and cost are σ0LH1 +
σ1LH2 and σ0LC1 + σ1LC2, respectively. It also means that the point (σ0LH1 + σ1LH2, σ0LC1 + σ1LC2)
is located at the second part of the unit-level direct labor cost function with the first overtime work;
this point is also a combination of (LH1, LC1) and (LH2, LC2). On the other hand, if β2 = 1, then β1 = 0
(Equation (7)), σ1, σ2 ≤ 1 (Equations (4), (5)), σ0 = 0 (Equation (3)), and σ1 + σ2 = 1 (Equation (6)). This
means the direct labor hours and cost are σ1LH2 + σ2LH3 and σ1LC2 + σ2LC3, respectively. It also
means that the point (σ1LH2 + σ2LH3, σ1LC2 + σ2LC3) is located at the third part of the unit-level direct
labor cost function with the second overtime work, and this point is also a combination of (LH2, LC2)
and (LH3, LC3). The first segment of the unit-level direct labor cost function was set to a fixed cost,
which means: (1) no matter how many labor hours were used, the cost remains the same; and (2) no
matter whether β1 = 1 or β2 = 1, the cost will always be added.
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Constraints

n

∑
i = 1

(li1 + li2 + li3 + θili4 + li5)Xi ≤ LH1 + σ1(LH2 − LH1) + σ2(LH3 − LH1) (2)

σ0 − β1 ≤ 0 (3)

σ1 − β1 − β2 ≤ 0 (4)
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σ2 − β2 ≤ 0 (5)

σ0 + σ1 + σ2= 1 (6)

β1 + β2= 1 (7)

where

li1, li2, li3, li5 The usage of labor hours at the first to third and fifth activity when producing one unit of
product i

θili4 The usage of labor hours at the fourth activity when producing one unit of product i, and
multiplying a coefficient use to determine how much work should be done in the fourth
activity

LH1, LH2, LH3 Maximum capacity of direct labor hours at normal (LH1), first overtime (LH2) and second
overtime (LH3) work hours

β1, β2 An SOS1 variable, when one of the variables is set to one, another variable must be exactly
zero [62].

3.3.3. Batch-Level Activity Cost Function for Material Handling and Setup Activities

The terms djηjBj and ∑n
i = 1 djγijBij in the fourth and fifth set of Equation (1A) represent batch-level

activity cost functions for material handling and setup activities. Equations (8) and (9) are the
constraints of material handling, and Equation (10) and (11) are the constraints of setup activities. We
assumed that the material handling stage only considers the procedure from raw material storage
location to factory, but the setup activities were considered at each activity. For example, the setup
hours are used to measure the setup activity, where Tj represents the setup hours that can be used, γij
represents the setup hours needed for j activity for product i; Mij represents i product’s setup unit in
each setup batch.

n

∑
i = 1

qi1Xi ≤ ∅jBj (j = 6) (8)

ηjBj ≤ Tj (j = 6) (9)

where

∅j The quantity per batch of batch-level activity (j ∈ B) at material handling activity
Tj The capacity of batch-level activity (j ∈ B)

Xi ≤ MijBij (j = 7, i = 1 . . . 3) (10)

n

∑
i = 1

γijBij ≤ Tj (j = 7) (11)

where

Mij The quantity per batch of batch-level activity (j ∈ B) for product i at setup activity

3.3.4. Other Sale and Production Constraints

The constraints in this part do not influence the profit directly, but will indirectly influence the
profit because of the limitation of the resources. Equations (12) and (13) represent the machine
hour constraints for activities 1, 2, and 5 and for activities 3 and 4 so-called CNC, respectively.
In Equation (12), when the factory produces one unit of product i, it will need hi hours at activity
j. Each activity has its own capacity MHj. In Equation (13), when the factory produces one unit of
product i, it will need hi3 hours and additional reprocessing hours with coefficient θihi4 at activity CNC;
Activity 3 and 4 shared the capacity MHCNC.

n

∑
i = 1

hijXi ≤ MH j (j = 1, 2, 5) (12)
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n

∑
i = 1

(hi3Xi + θihi4) ≤ MHCNC (13)

where

hij The requirement hours when producing a single unit of product i at activity j
MHj The total available machine hours of activity j

hi3 The requirement hours when producing a single unit of product i at the third activity
θihi4 The requirement hours when producing a single unit of product i at the fourth activity, and

multiplying a coefficient use to determine how much work should be done in the fourth activity
MHCNC The total capacity of machine hours of the third and fourth activities

3.4. Model B: ABC Model with Material Discount

Model B considers material discount from the basic business situation of Model A. Model B
includes the objective function with Equation (1B), which was changed based on Model A. The related
constraints associated with material discount are Equations (14) to (18). The constraints associated with
other cost functions from Equations (2) to (13) remain the same. That is, Model B includes the objective
function with Equation (1B) and the related constraints with Equations (2) to (18). The following
subsection introduces the objective function and material discount function in detail.

3.4.1. Objective Function

In this subsection, the material discount business scenario is considered and the objective function
which was changed based on Equation (1A), is also proposed. In Model B, assume that only the first
material has the material quantity discount.

π =
n
∑

i = 1
PiXi − (DC1Q1 + DC2Q2 + DC3Q3 +

n
∑

i = 1
C2qi2Xi)

− [LC1 + σ1(LC2 − LC1) + σ2(LC3 − LC1)]− djηjBj −
n
∑

i = 1
djγijBij − F

(1B)

where

C2 Unit costs of the second material
qi2 The consumption quantity of the second material when producing a single unit of product i

DC1, DC2, DC3 Unit costs of the first material at normal (DC1), first (DC2) and second (DC3) discount
situations

Q1, Q2, Q3 The consumption quantity of first material at normal (Q1), first (Q2) and second (Q3)
discount situations

3.4.2. Material Discount Function

The material discount is a very common business scenario in the real world. This study uses three
segments of piecewise linear function, as shown in Figure 3. In Equations (14) to (18), (ϕ0, ϕ1, ϕ2) is an
SOS1 variable; when one of the variables is set to one, another variable must be exactly zero. If ϕ1 = 1,
then ϕ2, ϕ3 = 0 (Equation 18), Q2, Q3 = 0 (Equations (15) and (17)), Q1 ≥ 0, Q1 ≤ ϕ1R1 (Equation (16)).
This means that the material quantity and cost are Q1 and DC1Q1, respectively, and are on the first
segment of the material cost function. On the other hand, if ϕ2 = 1, then ϕ1, ϕ3 = 0 (Equation (18)), Q1,
Q3 = 0 (Equations (16) and (17)), Q2 ≥ ϕ2R1, Q2 ≤ ϕ2R2 (Equation (15)). This means that the material
quantity and cost are Q2 and DC2Q2, respectively, and are on the second segment of the material cost
function. The third segment of the material cost function does not set the bundle, which means the
quantity more than R2 will be at the same cost DC3Q3.
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ϕ2R1 < Q2 ≤ ϕ2R2 (16)
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3.5. Model C: ABC Model with Material Discount and Carbon Tax

Model C considers carbon tax with a material discount and the basic business situation. Model C
contains the objective function with Equation (1C), which was changed based on Model B. The related
constraints with the carbon tax function are Equations (19) to (24). Other cost functions from Equation
(2) to Equation (18) remain the same. That is, Model C includes the objective function with Equation
(1C) and the related constraints with Equation (2) to (24). The following subsection introduces the
objective function and carbon tax function in detail.

3.5.1. Objective Function

In this subsection, the material discount and carbon tax business scenario is considered, and the
objective function which was changed based on Equation (1B), is also proposed.

π =
n
∑

i = 1
PiXi − (DC1Q1 + DC2Q2 + DC3Q3 +

n
∑

i = 1
C2qi2Xi)

−[LC1 + σ1(LC2 − LC1) + σ2(LC3 − LC1)]− djηjBj −
n
∑

i = 1
djγijBij

−(δ1CCE1 + δ2CCE2)− F

(1C)

where
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CCE1, CCE2 The CO2 emission cost at the first extended (CCE1) situation and second extended (CCE2)
situation

δ0, δ1, δ2 An SOS2 variable, which must be a set of positive variables; at most two variables in the
ordering can be non-zero [62]

3.5.2. Carbon Tax Function

The carbon tax is considered in this paper. This study also uses three segments of piecewise linear
function shown in Figure 4. In Equations (19) to (24), (λ1, λ2) is an SOS1 variable; when one of the
variables is set to one, another variable must be exactly zero. If λ1 = 1, then λ2 = 0 (Equation 24), δ0, δ1

≤ 1 (Equations (20), (21)), δ2 = 0 (Equation (22)), and δ0 + δ1 = 1 (Equation (23)). This means that the
emission quantity and cost are δ1CE1 and δ1CCE1, respectively. It also means that the point (δ1CE1,
δ1CCE1) is on the second segment of the carbon tax function. On the other hand, if λ2 = 1, then λ1 = 0
(Equation (24)), δ1, δ2 ≤ 1 (Equations (21), (22)), δ0 = 0 (Equation (20)), and δ1 + δ2 = 1 (Equation (23)).
This means that the emission quantity and cost are δ1CE1 + δ2CE2 and δ1CCE1 + δ2CCE2, respectively.
It also means that the point (δ1CE1 + δ2CE2, δ1CCE1 + δ2CCE2) is on the of carbon tax function. The
first segment of the carbon tax function was set to a free cost, which means: (1) no matter how much
carbon was emitted, the cost remains the same; and (2) no matter λ1 = 1 or λ2 = 1, the cost will always
be free.

Sustainability 2019, 11 FOR PEER REVIEW  10 

π =  PiXi

n

i=1

–(DC1Q1 + DC2Q2 + DC3Q3 +  C2qi2Xi

n

i=1

) 

–ሾLC1 + σ1ሺLC2–LC1ሻ + σ2ሺLC3 − LC1ሻሿ–djηjBj–  dj

n

i=1

γijBij 
(1C) 

–(δ1CCE1 + δ2CCE2)–F 

where 
CCE1, CCE2 The CO2 emission cost at the first extended (CCE1) situation and second 

extended (CCE2) situation 
δ0, δ1, δ2 An SOS2 variable, which must be a set of positive variables; at most two 

variables in the ordering can be non-zero [62] 

3.5.2. Carbon Tax Function 

The carbon tax is considered in this paper. This study also uses three segments of piecewise 
linear function shown in Figure 4. In Equations (19) to (24), (λ1, λ2) is an SOS1 variable; when one of 
the variables is set to one, another variable must be exactly zero. If λ1 = 1, then λ2 = 0 (Equation 24), 
δ0, δ1 ≤1 (Equation 20,21), δ2 = 0 (Equation 22), and δ0 + δ1 = 1 (Equation 23). This means that the 
emission quantity and cost are δ1CE1 and δ1CCE1, respectively. It also means that the point (δ1CE1, 
δ1CCE1) is on the second segment of the carbon tax function. On the other hand, if λ2 = 1, then λ1 = 0 
(Equation 24), δ1, δ2 ≤1 (Equation 21,22), δ0 =0 (Equation 20), and δ1 + δ2 = 1 (Equation 23). This means 
that the emission quantity and cost are δ1CE1 + δ2CE2 and δ1CCE1 + δ2CCE2, respectively. It also means 
that the point (δ1CE1 + δ2CE2, δ1CCE1 + δ2CCE2) is on the of carbon tax function. The first segment of 
the carbon tax function was set to a free cost, which means: (1) no matter how much carbon was 
emitted, the cost remains the same; and (2) no matter λ1 = 1 or λ2 = 1, the cost will always be free. 

 

Figure 4. Carbon tax function. 

Constraints  

 eiXi ≤ CE0 + δ1ሺCE1 − CE0ሻ + δ2(CE2 − CE0)
n

i=1

 (19) 

δ0 − λ1 ≤ 0 (20) 

δ1 − λ1 − λ2 ≤ 0 (21) 

Costs 

CE1 Emission CE2 

CCE1 

CE0 0 

CCE2 

CCE: CO2 emission costs; CE: CO2 emission quantity 

Figure 4. Carbon tax function.

Constraints
n

∑
i = 1

eiXi ≤ CE0 + δ1(CE1 − CE0) + δ2(CE2 − CE0) (19)

δ0 − λ1 ≤ 0 (20)

δ1 − λ1 − λ2 ≤ 0 (21)

δ2 − λ2 ≤ 0 (22)

δ0 + δ1 + δ2= 1 (23)

λ1 + λ2= 1 (24)

where

ei The CO2 emission quantity when producing one unit of product i
CE0, CE1, CE2 The CO2 emission quantity at normal (CE0), first extended (CCE1) situation and second

extended (CCE2) situation
λ1, λ2 An SOS1 variable; when one of the variable is set to one, another variable must be exactly

zero [62]
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4. Illustration

In this section, a numerical example is proposed to find the optimal production combination in
each model proposed. Company L was chosen as our example company, as an international company
that not only sells basic aluminum alloy wheels, but also customized ones.

Following the global trend, Company L decided to implement Industry 4.0; however, this entails
changing the production line process and entailing costs. Thus, this paper presents mathematical
decision models to help Company L find the best product combination based on Industry 4.0 under an
ABC model. LINGO is the best software to solve such complex mathematical decision models.

4.1. Example Data and Optimal Decision Analysis

Company L mainly produces three kinds of products: Car Rims, Truck Rims, and customized
Car Rims. Due to the basic product, car rims and truck rims are set with the minimal requirements.
Each product consumes two kinds of material: aluminum ingots (m = 1) and pigment (m = 2), where
aluminum ingots encounter material discounts and material fluctuation. Each product requires eight
kinds of primary activity, six for the unit-level activity, and two for the batch-level activity. Because of
Industry 4.0, the labor hours can be efficaciously reduced. The example data are presented in Table 1,
the normal labor hours LH1 total 44,000 with a wage rate of $133 per hour and costs of 5,852,000 (LC1).
It is possible to increase labor hours by using overtime work. Labor hours LH2 and LH3 represent the
first and second time overtime work, the additional labor hours are 11,000 and 55,000 with wage rates
$177 and $200 per hour and costs of 9,735,000 (LC2) and 19,800,000 (LC3), respectively. Each activity
has its own capacity: 46,200 hours for casting (MH1), 50,400 for heat treatment (MH2), CNC 1st and 2nd

processing shared same machine hours, 18,900 hours (MHCNC), 2,070 hours for painting (MH5), 17,600
batches for material handling (T6) and 17,600 batches for setup (T7).

Table 1. Example data.

Products

j Car
Rims

Truck
Rims

Customized
Car Rims

Available
Capacity

Minimize Requirement Xi 3000 3000 -
Selling Price Pi 4000 6000 8000

Unit-level Direct Material

aluminum
ingots (m = 1)

normal situation C1 = $70/unit
qi1 10 20 10material fluctuation with

higher cost C1 = $100/unit

material fluctuation with
lower cost C1 = $50/unit

pigment
(m = 2) C2 = $50/unit qi2 2 3 4

Unit-level
activity

Machine
hours

Casting 1 hi1 2 3 2 MH1 = 46,200
Heat Treatment 2 hi2 3 4 3 MH2 = 50,400
CNC Processing 3 hi3 1 1 1 MHCNC = 18,900
CNC 2nd Processing 4 θihi4 0 0 0.9
Painting 5 hi5 0.1 0.1 0.2 MH5 = 2070

Labor
hours

Casting 1 li1 1.2 1.7 1.2
Heat Treatment 2 li2 1.5 2 1.5
CNC Processing 3 li3 1 1 1.6
CNC 2nd Processing 4 θili4 0 0 1
Painting 5 li5 0.3 0.3 0.7

Batch-level
activity

Handling d6 = $2,500/batch 6
ηj 1

T6 = 17,600
∅j 100

Setup d7 = $200/batch 7
γi 1 1 2.5

T7 = 17,600Mi 2 2 1
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Table 1. Cont.

Products

Car
Rims

Truck
Rims

Customized
Car Rims

Carbon tax CCE1 = $10,000,000 CCE2 = $50,000,000 ei 1 1.5 2.5
Emission quantity CE1 = 25,000 CE2 = 50,000
Rate 400/m.t. 1000/m.t.

Direct labor constraint-Cost LC1 = $5,852,000 LC2 = $9,735,000 LC3 = $19,800,000
Labor hours LH1 = 44,000 LH2 = 55,000 LH3 = 99,000
Wage rate $133/h $177/h $200/h

Material cost with discount $14,000,000 $34,500,000
Quantity R1 = 200,000 R2 = 500,000 >500,000
Cost DC1 = $70 DC2 = $69 DC3 = $67

4.2. Data Analysis with Different Business Scenarios

In this subsection, the maximum profit was derived by using LINGO; the data are presented in
Table 1. The material aluminum ingots contain three kinds of prices, the C1 = $70/unit was used in the
Model A (normal scenario), Model B, and Model C; the C1 = $100/unit was used in Model A material
fluctuation with increasing price; and the C1 = $50/unit was used in Model A material fluctuation
with decreasing price. Each business scenario with its objective function and the related constraints
of various cost functions is presented in Tables A1–A5. Tables 2–4 show the optimal solution for
each scenario.

Table 2. Optimal solution for Model A.

Scenario 1: ABC Model without other business scenario

π = 38,471,730; X1 = 3000; X2 = 6730; X3 = 4826; β1 = 0; β2 = 1; σ0 = 0; σ1 = 0.5544091; σ2 = 0.4455909; B6 = 2129;
B17 = 1500; B27 = 3365; B37 = 4826

Scenario 2a: ABC Model with material fluctuation (material cost increase)

π = 32,159,560; X1 = 3000; X2 = 5910; X3 = 5257; β1 = 0; β2 = 1; σ0 = 0; σ1 = 0.5888182; σ2 = 0.4111818; B6 = 2008;
B17 = 1500; B27 = 2955; B37 = 5257

Scenario 2b: ABC Model with material fluctuation (material cost decrease)

π = 42,728,930; X1 = 3000; X2 = 6730; X3 = 4826; β1 = 0; β2 = 1; σ0 = 0; σ1 = 0.5544091; σ2 = 0.4455909; B6 = 2129;
B17 = 1500; B27 = 3365; B37 = 4826

[Note] The models for Scenario 1, 2a, and 2b are shown in Tables A1–A3 of Appendix A, respectively.

Table 3. Optimal solution for Model B.

Scenario 3: ABC Model with material discount

π = 38,684,590; X1 = 3000; X2 = 6730; X3 = 4826; ϕ1 = 0; ϕ2 = 1; ϕ3 = 0; Q1 = 0; Q2 = 212,860; Q3 = 0; β1 = 0;
β2 = 1; σ0 = 0; σ1 = 0.5544091; σ2 = 0.4455909; B6 = 2129; B17 = 1500; B27 = 3365; B37 = 4826

[Note] The models for Scenario 3 is shown in Table A4 of Appendix A.

Table 4. Optimal solution for Model C.

Scenario 4: ABC model with material discount and carbon tax

π = 31,001,270; X1 = 3014; X2 = 5894; X3 = 5258; ϕ1 = 0; ϕ2 = 1; ϕ3 = 0; Q1 = 0; Q2 = 200,600; Q3 = 0; β1 = 0;
β2 = 1; σ0 = 0; σ1 = 0.5892273; σ2 = 0.4107727; B6 = 2006; B17 = 1507; B27 = 2947; B37 = 5258; λ1 = 0; λ2 = 1;
δ0 = 0; δ1 = 1; δ2 = 0

[Note] The models for Scenario 4 is shown in Table A5 of Appendix A.



Sustainability 2019, 11, 756 13 of 20

4.2.1. Model A: ABC Model without Other Business Scenarios and ABC Model with Material
Fluctuation Scenario

The optimal solution of the ABC Model without other business scenarios is shown in Table 2. The
maximum profit π was 38,471,730; three kinds of product with production quantities of 3000, 6730, and
4826, respectively; labor hours at less than half of the third segment (σ1 = 0.5544091; σ2 = 0.4455909;
β2 = 1), which means it is at the second overtime work hours. The result indicates that only product
1 involves minimal requirements; although the material and other resources used are smaller than
the other two products, the profit provided by product 1 is too little to cover the costs. This scenario
provides the basic view and different overtime work situation, which means managers can use this
example data to optimize their distribution of human resources.

The ABC Model with material fluctuation scenario is price adjusted based on Model A. This paper
divides this scenario into two parts: the ABC Model with material cost increase and the ABC Model
with material cost decrease. Here, we assume that the cost of the main material, meaning aluminum
ingots, will fluctuate based on the real-world situation; the price was based on the international average
price of $70 per kilogram, $50 at lowest price and $100 at highest price. The maximum profit π with
the lowest material cost: 42,728,930, and with highest material cost: 32,159,560. The major difference in
this scenario is product combination: three kinds of product with production quantities of 3000, 6730,
4826 at lowest price and 3,000, 5,910, 5,257 at highest price. As we can see, the material costs directly
affect the production quantity and profit. With the lowest material cost, the product combination is
the same as in the normal scenario but with 11% profit increment; with the highest material cost, the
product quantity X2 decreases by 820 units, the product quantity X3 increases by 431 units, and the
profit decreases by 16.4%. This scenario provides a guideline when a corporation has less power to
deal with price contracts and faces material fluctuations; it also helps them to adjust their production
quantity and other resources when the material cost is moving higher or lower.

4.2.2. Model B: ABC Model with material discount scenario

This scenario is an extension of Model A; assume that the corporation has the power to deal
with contract prices. Three kinds of price and quantity combinations were set to $70 per unit from
1 to 200000 units, $69 per unit from 200001 to 500000 units, and $67 per unit after 500001 units. As
shown in Table 3, the maximum profit π was 38,684,590, and the first discount segment was activated
with quantity 212,860 (ϕ2 = 1); three kinds of materials and other resources, such as labor hours and
machine hours are the same as in the normal scenario. Although the only difference is the profit, this
scenario provides a guideline to deal with product combinations when managers face such situations.

4.2.3. Model C: ABC Model with Material Discount and Carbon Tax Scenario

This scenario is an extention of Model B where carbon taxes are also considered. According to the
results in Table 4, three kinds of product quantity: 3,014, 5,894, and 5,258 units, differ from the other
scenarios; maximum profit π was 31,001,270; the material discount level is as same as in the material
discount scenario, but the material quantity decreased to 200,600 units; the carbon emission level is
exactly at the boundary of the second to third segments (λ2 = 1; δ1 = 1). The results indicate that the
emission cost not only affects the profit but also the product combination, since product 1 with 1 unit
of emission quantity, 1.5 units for product 2, and 2.5 units for product 3. Although product 3 entails
high emissions, the product quantities still rise to the maximum profit. This scenario includes the
carbon tax situation, which is facing big challenges as in the real world now. It can also help managers
to rearrange their production strategies in order to maximize their profit and minimize the impact on
the environment.
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4.3. Summary

This subsection offers a brielf summary of all the assumed scenarios. First, the product
combinations are different among each scenario. In Model A, only the material costs are different,
while other resources remain the same; Model B is very similar to model A, but adds the material
discount cost function. The three scenario material costs in Model A are $70, $100, and $50 respectively,
while in Model B, the first discount segment with material cost of $69 is activated. If costs are below or
remain at the average price, the company can continue using such product combinations to make the
maxinum profit. Model C is more complicated, and may not be suitable for this pattern, as it requires
further consideration of the added carbon tax on each product.

Second, the labor hour usage among each model has little difference, each model uses the second
overtime rate of 1.66 times the wage rate. Under Industry 4.0, the requirements of labor resources
will gradually decrease, and be replaced by machines; althought the current human resources are
seemingly insufficient, it is not recommended that the company add human resources, but instead
select machine capacity.

Third, in these models, the bottle neck occurs at the batch-level setup activity. In this paper, 1, 1,
and 2.5 times the setup activity for each product has been assumed. The example company mainly
uses laborers for setup activity. As in human resources, the adoption of Industry 4.0 will gradually
replace human laborers, thus, at that time, many activities will depend on machines, and bottle necks
will shift to machine hours.

Finally, the carbon tax cost function has been added in Model C. In this scenario, the profit is
significantly decreased. However, the carbon tax is just a beginning, as governments around the world
must consider both carbon tax and carbon rights. The continued development of society will bring
more environmental damage, which will lead to increased environmental protection costs.

5. Discussion and Conclusions

Industry 4.0 was a hot issue when it was first announced at the Hannover Fair in April 2011;
green issues were also recognized as urgent problems that need to be dealt with, and have already
lasted for more than two decades.

In this paper, the green activity-based costing production-planning model under Industry 4.0
was proposed. In order to meet the real world situation, this paper proposed three models with five
scenarios, which include, Model A: ABC Model without other business scenarios and ABC Model
with the material fluctuation scenario; Model B: ABC Model with the material discount scenario; and
Model C: ABC model with both the material discount and carbon tax scenario. These models includes
several kinds of cost functions, such as the direct labor cost function, direct material cost function,
batch-level activity cost function, and carbon tax function. LINGO software was chosen, as it is the
best software to solve such complex mathematical decision models, in order to deal with the example
data based on these scenarios. This paper provides a way for managers to not only be able to deal
with the complex cost problem based on Industry 4.0, but also to handle the environmental issues in
making production decisions.

Although this paper provides various scenarios to deal with the possible situations in the real
world, there are still some limitations. First, in this ABC model, additional labor hours cannot be used
when normal labor hours have not been fully used. Second, the carbon emission costs only consider
the cost of usage quantity, while carbon rights and carbon tax have already started to be considered in
some countries. Due to these limitations, we suggest that future research considers both carbon tax
and carbon rights. We also suggest that countries should engage in comprehensive consideration of
the carbon tax system, which will not only create additional taxation, but will also have benefit on
lowering global warming.
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Appendix A

Table A1. Objective function and constraints for Model A: scenario 1.

Objective function
Maximum π = 4000*X1 + 6000*X2 + 8000*X3 − (700 + 100)*X1 − (1400 + 150)*X2 − (700 + 200)*X3 −

5852000 − 3883000*σ1 − 7408000*σ2 − 2500*B6 − 200*B17 − 200*B27 − 1000*B37 − F
Constraints
subject to direct labor hour:
4*X1 + 5*X2 + 6*X3 ≤ 44000 + 11000*σ1 + 55000*σ2
σ0 − β1 ≤ 0
σ1 − β1 − β2 ≤ 0
σ2 − β2 ≤ 0
σ0 + σ1 + σ2 = 1
β1 + β2 = 1

subject to machine hour:
j = 1: 2*X1 + 3*X2 + 2*X3 ≤ 46200
j = 2: 3*X1 + 4*X2 + 3*X3 ≤ 50400
j = 3,4: (1+0)*X1 + (1+0)*X2 + (1+0.9)*X3 ≤ 18900
j = 5: 0.1*X1 + 0.1*X2 + 0.2*X3 ≤ 2070

subject to batch level - material movement:
10*X1 + 20*X2 + 10*X3 ≤ 100*B6
1*B6 ≤ 17600

subject to minimize requirement:
X1 ≥ 3000
X2 ≥ 3000

subject to batch level - setup hour:
X1 ≤ 2*B17
X2 ≤ 2*B27
X3 ≤ 1*B37
1*B17 + 1*B27 + 2.5*B37 ≤ 17600

Table A2. Objective function and constraints for Model A: scenario 2a.

Objective function
Maximum π = 4000*X1 + 6000*X2 + 8000*X3 − (1000 + 100)*X1 − (2000 + 150)*X2 − (100 + 200)*X3 −

5852000 − 3883000*σ1 − 7408000*σ2 − 2500*B6 − 200*B17 − 200*B27 − 1000*B37 − F
Constraints
subject to direct labor hour:
4*X1 + 5*X2 + 6*X3 ≤ 44000 + 11000*σ1 + 55000*σ2
σ0 − β1 ≤ 0
σ1 − β1 − β2 ≤ 0
σ2 − β2 ≤ 0
σ0 + σ1 + σ2 = 1
β1 + β2 = 1

subject to machine hour:
j = 1: 2*X1 + 3*X2 + 2*X3 ≤ 46200
j = 2: 3*X1 + 4*X2 + 3*X3 ≤ 50400
j = 3,4: (1+0)*X1 + (1+0)*X2 + (1+0.9)*X3 ≤ 18900
j = 5: 0.1*X1 + 0.1*X2 + 0.2*X3 ≤ 2070

subject to batch level - material movement:
10*X1 + 20*X2 + 10*X3 ≤ 100*B6
1*B6 ≤ 17600

subject to minimize requirement:
X1 ≥ 3000
X2 ≥ 3000

subject to batch level - setup hour:
X1 ≤ 2*B17
X2 ≤ 2*B27
X3 ≤ 1*B37
1*B17 + 1*B27 + 2.5*B37 ≤ 17600



Sustainability 2019, 11, 756 16 of 20

Table A3. Objective function and constraints for Model A: scenario 2b.

Objective function
Maximum π = 4000*X1 + 6000*X2 + 8000*X3 − (500 + 100)*X1 − (1000 + 150)*X2 − (500 + 200)*X3 −

5852000 − 3883000*σ1 − 7408000*σ2 − 2500*B6 − 200*B17 − 200*B27 − 1000*B37 − F
Constraints
subject to direct labor hour:
4*X1 + 5*X2 + 6*X3 ≤ 44000 + 11000*σ1 + 55000*σ2
σ0 − β1 ≤ 0
σ1 − β1 − β2 ≤ 0
σ2 − β2 ≤ 0
σ0 + σ1 + σ2 = 1
β1 + β2 = 1

subject to machine hour:
j = 1: 2*X1 + 3*X2 + 2*X3 ≤ 46200
j = 2: 3*X1 + 4*X2 + 3*X3 ≤ 50400
j = 3,4: (1+0)*X1 + (1+0)*X2 + (1+0.9)*X3 ≤ 18900
j = 5: 0.1*X1 + 0.1*X2 + 0.2*X3 ≤ 2070

subject to batch level - material movement:
10*X1 + 20*X2 + 10*X3 ≤ 100*B6
1*B6 ≤ 17600

subject to minimize requirement:
X1 ≥ 3000
X2 ≥ 3000

subject to batch level - setup hour:
X1 ≤ 2*B17
X2 ≤ 2*B27
X3 ≤ 1*B37
1*B17 + 1*B27 + 2.5*B37 ≤ 17600

Table A4. Objective function and constraints for Model B: scenario 3.

Objective function
Maximum π = 4000*X1 + 6000*X2 + 8000*X3 − 70*Q1 − 69*Q2 − 67*Q3 − 100*X1 − 150*X2 − 200*X3 −

5852000 − 3883000*σ1 − 7408000*σ2 − 2500*B6 − 200*B17 − 200*B27 − 1000*B37 − F
Constraints
subject to direct labor hour:
4*X1 + 5*X2 + 6*X3 ≤ 44000 + 11000*σ1 + 55000*σ2
σ0 − β1 ≤ 0
σ1 − β1 − β2 ≤ 0
σ2 − β2 ≤ 0
σ0 + σ1 + σ2 = 1
β1 + β2 = 1

subject to machine hour:
j = 1: 2*X1 + 3*X2 + 2*X3 ≤ 46200
j = 2: 3*X1 + 4*X2 + 3*X3 ≤ 50400
j = 3,4: (1+0)*X1 + (1+0)*X2 + (1+0.9)*X3 ≤ 18900
j = 5: 0.1*X1 + 0.1*X2 + 0.2*X3 ≤ 2070

subject to batch level - material movement:
10*X1 + 20*X2 + 10*X3 ≤ 100*B6
1*B6 ≤ 17600

subject to minimize requirement:
X1 ≥ 3000
X2 ≥ 3000

subject to batch level - setup hour:
X1 ≤ 2*B17
X2 ≤ 2*B27
X3 ≤ 1*B37
1*B17 + 1*B27 + 2.5*B37 ≤ 17600

subject to direct material discount:
10*X1 + 20*X2 + 10*X3 = Q1 + Q2 + Q3
0 ≤ Q1 ≤ ϕ1*200000
ϕ2*200000 < Q2 ≤ ϕ2*500000
ϕ3*500000 < Q3
ϕ1 + ϕ2 + ϕ3 = 1
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Table A5. Objective function and constraints for Model C: scenario 4.

Objective function
Maximum π = 4000*X1 + 6000*X2 + 8000*X3 − 70*Q1 − 69*Q2 − 67*Q3 − 100*X1 − 150*X2 − 200*X3 −

5852000 − 3883000*σ1 − 7408000*σ2 − 2500*B6 − 200*B17 − 200*B27 − 1000*B37 −
10000000*δ1 − 50000000*δ2 − F

Constraints
subject to direct labor hour:
4*X1 + 5*X2 + 6*X3 ≤ 44000 + 11000*σ1 + 55000*σ2
σ0 − β1 ≤ 0
σ1 − β1 − β2 ≤ 0
σ2 − β2 ≤ 0
σ0 + σ1 + σ2 = 1
β1 + β2 = 1

subject to CO2 emission:
1*X1 + 1.5*X2 + 2.5*X3 ≤ 0 + 25000*δ1 + 25000*δ2
δ0 − λ1 ≤ 0
δ1 − λ1 − λ2 ≤ 0
δ2 − λ2 ≤ 0
δ0 + δ1 + δ2 = 1
λ1 + λ2 = 1

subject to batch level - material movement:
10*X1 + 20*X2 + 10*X3 ≤ 100*B6
1*B6 ≤ 17600

subject to minimize requirement:
X1 ≥ 3000
X2 ≥ 3000

subject to batch level - setup hour:
X1 ≤ 2*B17
X2 ≤ 2*B27
X3 ≤ 1*B37
1*B17 + 1*B27 + 2.5*B37 ≤ 17600

subject to direct material discount:
10*X1 + 20*X2 + 10*X3 = Q1 + Q2 + Q3
0 ≤ Q1 ≤ ϕ1*200000
ϕ2*200000 < Q2 ≤ ϕ2*500000
ϕ3*500000 < Q3
ϕ1 + ϕ2 + ϕ3 = 1

subject to machine hour:
j = 1: 2*X1 + 3*X2 + 2*X3 ≤ 46200
j = 2: 3*X1 + 4*X2 + 3*X3 ≤ 50400
j = 3, 4: (1+0)*X1 + (1+0)*X2 + (1+0.9)*X3 ≤ 18900
j = 5: 0.1*X1 + 0.1*X2 + 0.2*X3 ≤ 2070
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