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Abstract: Using mathematical programming with activity-based costing (ABC) and based on the
theory of constraints (TOC), this study proposed a green production model for the traditional paper
industry to achieve the purpose of energy saving and carbon emission reduction. The mathematical
programming model presented in this paper considers (1) revenue of main products and byproducts,
(2) unit-level, batch-level, and product-level activity costs in ABC, (3) labor cost with overtime
available, (4) machine cost with capacity expansion, (5) saved electric power and steam costs by using
the coal as the main fuel in conjunction with Refuse Derived Fuel (RDF). This model also considers the
constraint of the quantity of carbon equivalent of various gases that are allowed to be emitted from the
mill paper-making process to conform to the environmental protection policy. A numerical example is
used to demonstrate how to apply the model presented in this paper. In addition, sensitivity analysis
on the key parameters of the model are used to provide further insights for this research.

Keywords: green production; Activity-Based Costing (ABC); Theory of Constraints (TOC); green
supply chain; energy saving; carbon emission reduction

1. Introduction

A total of 195 nations signed the Paris Agreement in December 2015 in order to solve the problem
of environmental climate change [1]. Green issues have received considerable attentions in many
industries worldwide in recent decades [2]. Enterprises have also tried to recover renewable raw
materials to achieve profit, as well as to protect the environment [3,4], to actively reduce energy and
resource consumption, waste output and virgin material consumption [5].

When implementing environmental strategies, the government should formulate and promote
laws and regulations that all industries should comply with, and draw up plans to promote the
entire industry, and provide sufficient funds and resources for enterprises [6]. However, when the
government faces pressure on limited natural resources and waste disposal, they formulate resource
recovery policies [3], and as the public continue to increase pressure on the government in terms
of environmental pollution, it forces the government to develop stricter environment regulations
and fines for environmental pollution, aiming to reduce the pollution caused by enterprises by
adopting environmental management regulations [7]. The purpose of environmental management
is to solve the problem of ecological environment pollution during the growth of enterprises [8],
and to promote the production efficiency and effective use of raw materials of enterprises, including
the use of alternative raw materials, and recycling and reusing raw materials, in order to effectively
use raw materials and reduce resource waste [9]. Environmental problems can be considered and
solved in the engineering or product development stage, especially through the life cycle assessment
(LCA) method [10], where product designers can make a more environmentally friendly design [11].
The solution to environmental pollution largely depends on a combination of pollution prevention
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technologies and environmental management, which are keys to achieve the goals of environmental
protection and pollution reduction. Through process innovations, enterprises can achieve both cost
reduction and environment protection [7].

Early paper mills used wood, straw, sugarcane bagasse, and waste paper as raw materials to
make pulp, which was used to make paper products. Concern for the environment has forced
many enterprises to develop local policies for environment protection. Regarding the paper industry,
practicing paper recycling is a cost-reducing choice, as compared to using wood as the raw material [12].
Some paper mills use a variety of waste paper to produce recycled paper, purchase pulp and paper
equipment to improve efficiency and reduce the consumption of water and coal by using cogeneration
equipment (also known as combined heat and power) in order to efficiently use energy. Then, paper
mills can sell excess heat and electricity to recover costs. Coal, given its advantage of low cost, is
the main fuel used to power the generator units of the paper industry; however, it greatly influences
the environment, for example, the emitted pollutants of Carbon Dioxide (CO2), Sulphur Oxides
(SOx), Nitrogen oxides (NOx), and suspended matter, which brings severe harm to the environment.
The paper-making process consists of pulping, papermaking, coating, and packing. The waste paper
recycling rate in high-income countries is higher than that in less developed countries, meaning
that countries with higher economic development need more attention on the problems of waste
management and environmental protection [13].

This paper describes the acts related to the environmental management of enterprises, takes the
paper industry as an example, and provides feasible pollution prevention and control technologies
for the production processes of traditional paper mills. This paper is organized as follows: Section 1
introduces the research background and purposes; Section 2 explores the sustainable management
under green paper industry; Section 3 describes the problem statement and model formulation;
Section 4 presents a numerical example to demonstrate how to apply the model explored in this paper;
Section 5 explains the managerial implications and limitations; and Section 6 offers the conclusions.
This study found that enterprises can make full use of production capacity and waste through precise
environmentally-friendly production processes to increase profit.

2. Sustainable Management under Green Paper Industry

The consumers and the government have requested companies to achieve a balance between
profitability and environmental protection. The demand for integrating environmental awareness
and product recycling into supply chain management has become a hot topic [14–16]. Sustainable
management under green paper industry is described as follows.

2.1. Green Innovation in Paper Industry

Green innovation brings competitive advantages to the paper industry; since it helps enterprises
reduce costs and increase income, some analysts have put forward that improving a company’s
environmental performance can result in better economic and financial results, instead of increasing
costs [17–19]. The green innovation modes are described as green manufacturing and contamination
control. Green manufacturing helps to reduce waste, control pollution [20], and improve energy
efficiency and production processes through the integration of the production value chain, in order to
elevate the efficiency of greenhouse gas reduction. Pollution prevention helps enterprises to reduce,
transform, and prevent pollutants and wastewater by improving their internal processes, including
changing production modes and means of transport [9], redesigning products and manufacturing
modes, as well as recycling to prevent enterprise pollution [21]. More and more manufacturing
companies are taking the environment into consideration before conducting their activities, a trend that
is gaining support from the management level [22]. In fact, enterprise efforts in green manufacturing
and pollution prevention will pave their way to a greener economy [23]. As the digital wave has
swept across the world in recent years, it has indirectly impacted the traditional papermaking industry.
This study analyzes successful cases where green manufacturing and pollution prevention are adopted



Energies 2020, 13, 2413 3 of 23

prior to providing methods for increasing the utilization level of raw materials and effective waste
recycling for the traditional paper industry, where coal-fired boilers still prevail.

2.2. MIP Model for Green Paper Industry

A Mix-Integer Programming (MIP) model is used to solve problems in the allocation and
disposition of limited resource [24], which can effectively handle the multi-item inventory problem
in the periodic replenishment plan (replenishment cycles are scheduled) [25], in order to optimize
inventory distribution and production plans [26], solve the multilevel capacitated lot-sizing and
scheduling problem [27], and provide enterprises with simultaneous multiple decision-making
schemes [28]. Therefore, this model can be used for decision-making evaluations for enterprises to
estimate operating costs and maximize profit [29,30]. In order to save costs, while the traditional
paper industry still widely uses coal to power its boilers, coal is a major source of environmental
pollution. The ideal mode of production for this industry is to make full use of raw materials in the
production process and to recycle the waste. Using mixed integer linear programming models to
optimize the production plan of the paper industry and reduce inventory is an issue recently discussed
by the paper industry; it concludes that the application of activity-based costing (ABC) and theory
of constraints (TOC) can solve the above problems [31,32]. The paper industry has used the ABC
model for cost modeling, as well as analysis of the production flow [33]. The TOC could reduce the
inventory and costs of mills [34], and overcome the bottleneck of resource limitation in the production
process, thereby enhancing production efficiency [35]. Enterprises can use the ABC and TOC in their
decision-making [36], as well as the linear programming (LP) model, to solve product mix decision
problems [37,38]. As their complementary nature has gradually formed a trend, this model is expected
to become a future trend; thus, this study adopts ABC and TOC to build an environmentally-friendly
process model for the paper industry, and for discussion.

2.3. ABC and TOC

ABC is based on two stages, and is an extension of modern cost accounting in order to increase
the accuracy of cost calculations. The common expenditures (e.g., management fees) of a business
are assigned to activities, and then activity costs are traced to products [39]. On the other hand,
TOC enhances scientific decision-making in production plans. According to the principles of TOC,
enterprises can analyze manufacturing obstacles, increase their upper limit profits [40], and deal with
the interactions of supply constraints through an improved product-mix [41]. Therefore, prominent
business corporations will apply ABC and TOC to production planning in order to increase their total
profits [42] and enhance the operational efficiency and immediateness of distribution centers [43].
Hence, ABC, TOC, and MIP can be adopted by enterprises during their decision-making processes on
product portfolios [2,37,44,45].

Based on ABC and TOC, a model presented in this paper can be applied to the green supply
chain [46] by using the Mathematical Programming Approach. In terms of the green nature of resources,
it can also be applied to building municipal waste recycling systems, regional sewage streams [47],
as well as solid waste collection and transportation systems [48]. The optimal process of waste collection
and transportation to an incinerator can thus be planned [49]. In this study, the raw materials for
green recycled paper are pulp substitutes, clean waste paper, and ordinary waste paper. The products
of recycling paper mills are discussed according to the direct combinations of the aforesaid three
materials, while ABC, TOC, and the Mathematical Programming Approach are used to plan new types
of energy saving and carbon emission reduction activities for enterprises, in order to maximize profit.

3. Problem Statement and Model Formulation

This section takes the paper industry as an example. The green production flow for recycled
paper is shown in Figure 1.
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Figure 1. The papermaking process.

The recycled paper company of this case uses purchased pulp and waste paper as raw materials
to produce paper products. The manufacturing process consists of pulping, papermaking, coating, and
packing. In consideration of costs, in addition to saving water, coal and RDF-5 are used as the main
fuels, and the cogeneration equipment integrates steam and electric energy for efficient energy use.
The efficient application of waste could increase the profit for enterprises. The optimum mathematical
programming decision model, as employed by the recycled paper mill, combines its processes with ABC
to meet environmental protection requirements, while considering the maximization of corporate profit.

3.1. The Objective Function

The objective of this model is to maximize the total profit; the total corporate profit function is
as follows:

Z = [(main paper products revenue) + (relevant byproducts revenue) + (saved electric power

cost) + (saved steam cost)] − [(unit− level activity cost : total material cost + total expense

+total direct labor cost + total machine cost) + (batch− level activity cost) + (product− level

activity cost) + (total facility− level activity cost) + environmental management cost]

= (
n∑

i=1
piXi +

n∑
i=1

t∑
s=1

csbisXi +
m∑

p=0
SSCpφp +

n∑
q=0

SECqϕq) −

[
n∑

i=1

s∑
m=1

cmaimXi +
n∑

i=1

∑
j∈U

d jλi jXi

+(LC1θ1 + LC2θ2)+
n∑

i=1

∑
j∈B

d jαi jBi j +
n∑

i=1

∑
j∈P

d jρi jRi +
r∑

k=0
MCkσk + CE


(1)

In Equation (1), the total corporate profit is calculated by subtracting various costs/expenses
from main products revenue, relevant byproducts revenue, and electric power and steam costs
saved. The revenues and costs/expenses and their associated constraints will be described in the
following subsections.

3.2. Revenue of Main Products and Byproducts

In the product manufacturing process, the mill uses an Electrostatic Precipitator (ESP) and a
Flue-Gas Desulfurization (FGD) to reduce the environmental pollution of the production processes,
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and to recover any waste byproducts for resale. If the price of the main products and relevant
byproducts are represented by pi and cs, respectively, and the quantity of byproduct s of product i

is bisXi, then the revenue of main products and relevant byproducts are expressed as
n∑

i=1
piXi and

n∑
i=1

t∑
s=1

csbisXi, respectively.

3.3. Direct Material and Expense

In the preparation phase of papermaking, the purchase unit preliminarily sets the prices of various
raw materials (aim) for each product (Xi) after investigating the market prices. There are one to n
products and one to s raw materials. The total direct material cost is the fifth term of Equation (1),

n∑
i=1

s∑
m=1

cmaimXi. The decision-maker decides the maximum resources (Qm) available for each raw

material according to the actual cost information previously provided by the accounting division,
expressed as Equation (2).

n∑
i=1

aimXi ≤Qm, m = 1, 2, . . . , s, (2)

3.4. Unit-Level Activity Cost

Unit-level activity is executed one time for each unit of a product. Thus, the total unit-level activity

cost is the sixth term of Equation (1),
n∑

i=1

∑
j∈U

d jλi jXi, where λi j is the activity driver demand of unit-level

activity j (j ∈ U) of one unit product i and d j is the running activity cost per activity driver for activity j.

3.5. Direct Labor Cost

In mill operation, employee operation modes are divided into normal work and overtime work,
as shown in Figure 2. The labor hours of normal work are in the range of [0, LH1], and the cost is LC1

at LH1. When the mill receives a large order, and must complete the work quickly, the employees
may work overtime. At this point, labor hours are in the range of [LH1, LH2], and the cost increases
from LC1 to LC2. The total labor cost is the seventh term of Equation (1), (LC1θ1+ LC2θ2), and the
associated constraints are expressed as Equations (3) to (8), where TL in Equation (3) is the total labor
hours needed for the company.

TL =LH1θ1+LH2θ2 (3)

θ0 − γ1 ≤ 0 (4)

θ1 − γ1 − γ2 ≤ 0 (5)

θ2 − γ2 ≤ 0 (6)

θ0 + θ1 + θ2 = 1 (7)

γ1 + γ2 = 1 (8)

(γ1,γ2) is a SOS1 set of 0–1 variables, within which exactly one variable must be non-zero;
(θ0,θ1,θ2) is a SOS2 set of non-negative variables, within which at most two adjacent variables, in the
order given to the set, can be non-zero. When the papermaking activities are completed by normal
work, then γ1 = 1 and γ2 = 0 (from Equation (9), and it is in the first segment of Figure 2; 0 ≤ θ0,θ1 ≤ 1
(from Equations (4) and (5)) and θ2 = 0 (from Equation (6)); and θ0 + θ1 = 1 (from Equation (7)).
Thus, the total direct labor hours required is TL = LH1θ1 (from Equation (3)), and TL is the linear
combination of 0 and LH1. Similarly, when the papermaking activities need overtime work, then
γ2 = 1, γ1 = 0, 0 ≤ θ1,θ2 ≤ 1, θ0 = 0, θ1 + θ2 = 1, and the total direct labor hours (TL) required will
be the linear combination of LH1 and LH2.
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3.6. Batch-Level Activity Cost

In ABC, batch-level activity is executed one time for each batch of a product. The total batch-level

activity cost is the eighth term of Equation (1),
n∑

i=1

∑
j∈B

d jµi jBi j, and the associated constraints are

Equations (9) and (10):
Xi ≤ µi jBi j, i = 1, 2, . . . , n; j ∈ B (9)

n∑
i=1

αi jBi j ≤ T j, Bi j ≥ 0, j ∈ B (10)

Equation (9) is the constraint of the quantity of product i, and Equation (10) is the constraint
of resource available for batch-level activity j. If the batch-level activity is the activity “Setup”,
then Equation (10) may mean that the setup hour available for the batch-level activity “Setup” is T j.

3.7. Product-Level Activity Cost

In ABC, the product-level activity is the activity consumed by a specific product. The total

product-level activity cost is the ninth term of Equation (1),
n∑

i=1

∑
j∈P

d jρi jRi, and the associated constraints

are expressed in Equations (11) and (12).

Xi ≤ ViRi, i = 1, 2, . . . , n (11)

n∑
i=1

ρi jRi ≤ D jXi ≥ 0, i = 1, 2, . . . , n (12)

Equation (11) is the constraint of the quantity of product i, and Equation (12) is the constraint
of resource available for product-level activity j. If the product-level activity is the activity “Product
Design”, then Equation (12) may mean that the Computer-Aided Design (CAD) hour available for the
product-level activity “Product Design” is D j.

3.8. Machine Cost

In this paper, it is assumed that machine capacity can be expanded to various levels, as shown in
Figure 3 [50]. Assume that the current machine hours available for use are MH0, and the machine cost
is MC0, i.e., the depreciation of machines. If the machine hours increase to MH1, the machine cost will
be MC1 after buying or renting additional machines. When the machine hours exceed the upper limit
of MH1 and reach the range of MH1,MH2, the machine cost will increase to MC2.
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Total machine cost is the tenth term of Equation (1),
r∑

k=0
MCkσk, and the associated constraints are

expressed as Equations (13) and (14).

q∑
i=1

δiXi ≤

r∑
k=0

MHkσk (13)

r∑
k=0

σk = 1 (14)

n∑
i=1

δiXi is the total machine hours needed for all products; (σ0, σ1, σ2, . . . , σk) is a special ordered

set of type 1 (SOS1) of 0–1 variables, within which exactly one variable must be non-zero. If σ0 = 1, then

it is within the current level of machine capacity, i.e., MH0. Then,
n∑

i=1
δiXi ≤MH0 (from Equation (13))

and total machine cost is MC0 (from Equation (1)). If σ1 = 1, then the machine hours increase to the

interval MH0, MH1; it is in the first expansion level of machine capacity, i.e., MH1. Then,
n∑

i=1
δiXi ≤

MH1 (from Equation (13)) and total machine cost is MC1 (from Equation (1)). Similarly, if σk = 1, then
the machine hours increase to the interval MHk−1,MHk, within the kth expansion level of machine

capacity, i.e., MHk. Then,
n∑

i=1
δiXi ≤ MHk (from Equation (13)) and total machine cost is MCk (from

Equation (1)).

3.9. Benefit of Using RDF-5

The mill uses cogeneration equipment to take advantage of steam and electric energies; therefore,
when the consumption of coal and RDF-5 reaches a certain level, per unit steam energy and electric
energy costs decrease. Given the power supply, steam supply, and heat supply benefits, RDF-5 can be
used in mechanical bed boilers and fluidized bed furnaces as the main or auxiliary fuel for multifuel
combustion. Therefore, the electric power and steam costs saved by using RDF-5 are considered in
this paper.

First, the saved electric power cost is the sum of saved steam costs (SSCp) at m power rates, i.e.,

the third term of Equation (1),
m∑

p=0
SSCpφp. In the paper-making process, the steam cost saved by using

RDF has different conversion benefits due to different degrees of saving electric costs, expressed as
Equation (15). The mill adopts the appropriate type of the aforesaid m rates according to the actual
state of saving, or allocates according to appropriate proportions in two adjacent schemes, where the
sum of the allocation proportions is 1, expressed as Equation (16).
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Constraints:
n∑

i=1

βi jXi ≤

m∑
p=0

SSHpφp (15)

m∑
p=0

φp = 1 (16)

The steam cost saved is the sum of the saved electric costs (SECq) at t power rates, i.e., the

fourth term of Equation (1),
t∑

q=0
SECqϕq. In the paper-making process, the steam cost saved by using

RDF has different conversion benefits due to different degrees of electric costs savings, expressed as
Equation (17). The mill adopts an appropriate type of the aforesaid n rates according to the actual state
of saving, or allocates according to appropriate proportions in two adjacent schemes, where the sum of
allocation proportions is 1, expressed as Equation (18).

n∑
i=1

γi jXi ≤

t∑
q=0

SGHqϕq (17)

t∑
q=0

ϕq = 1 (18)

The quantity of carbon equivalent of various gases allowed to be emitted from the mill
paper-making process is G in order to conform to the environmental protection policy, as shown in
Equation (19).

n∑
i=1

q∑
p=1

cpgipXi ≤ G (19)

4. Numerical Example

This section provides an example that describes how to apply ABC and TOC to the Mathematical
Programming Approach, in order to determine the optimal product mix.

4.1. Description of the Case Problem

In response to environmental protection, Company A of the paper industry has recently used
recycled pulp substitutes, clean waste paper, and ordinary waste paper, as the raw materials for
paper products. The mixture of the three raw materials can be used to make three kinds of products.
Considering the cost, coal remains in use for power generation, and the cogeneration coal-fired
machine is used to take full advantage of electric energy and heat energy. The sewage and waste in the
production process are properly treated, and a part of the waste is made into RDF-5, which is used
together with the coal for cogeneration in the coal-fired machine. In order to take full advantage of
resources and exploit financial resources, Company A sells the surplus electric energy of the process
to the power company, while the heat energy is sold to nearby residential buildings. In response
to environmental protection, the sludge treated from sewage is made into organic compost, while
the ash from the incineration treatment is made into cement products. The residual fly ash from the
power generation of the coal-fired machine is made into construction materials, the bottom ash is made
into structural building materials, and the FGD gypsum is made into fire plate materials. In order to
simplify the computing model, the machine costs and labor costs in this section are equally allocated to
the unit-level activity of the main products. The costs in the production process include: (1) unit-level
activity: including the costs of the three direct materials, direct expenses, required machine hours, and
labor hours in the production process; (2) batch-level activity: including pulping costs, papermaking
costs, coating costs, and packing costs of the general paper making process; (3) product-level activity:
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i.e., product design cost; (4) facility-level cost: the environmental management cost refers to the costs
related to routine inspections, effluence, and ensuring the process conforms to the environmental
standard assessment specifications as regulated by local government; and the benefit of using RDF-5
is provided.

This paper uses Company A to describe that the present productive capacity determines the
maximum profit of products. The aforesaid data are listed in Table 1, and the manufacturing process of
Company A is shown in Figure 4. Company A sells three kinds of paper products. In terms of selling
price, (Product1, Product2, Product3) = (320, 280, 250), where each product has its allocated cost during
the production run. Under ABC, reasonable operating activity analysis and cost driver allocation can
increase the correctness of cost information; and the electric energy and heat energy costs, as saved
by using RDF-5, are included in the analysis. In order to meet the practical situation, the overtime
problem in the production process is considered. The machine hours have three stepwise costs: mill
works on demand, general activity, and frequent overtime. The electric and heat energy benefits saved
by using RDF-5 are processed piecewise, and the maximum demand for the product is shown at the
bottom of Table 1.

Company A uses three raw materials effectively: recycled pulp substitute (X1), clean waste paper
(X2) and ordinary waste paper (X3), and generates revenue from seven byproducts of the production
process: electricity, steam heat, sludge organic compost, ash cement products, fly ash building materials,
bottom ash reinforced structural building materials, and FGD gypsum fire plates. After the optimum
production (Bi1), preparation (Bi2), treatment (Bi3), and cutting (Bi4) of the batch-level activities, the
emissions meet the environmental policy, that CO2 should not exceed 80,000 units, and the numerical
values of NOx, CO2, SO2, CO, COD, BOD, SS, AOX, and product-level constraints (Ri) are obtained.
The most important cost is calculated using LINGO software, based on the machine, labor, electricity,
and steam costs. The left part of Figure 4 shows the process of paper-making; the middle part shows
the required water, coal, electricity, and steam for the paper-making process, as well as the sewage and
waste remaining from the production process; the right part shows the utilization of waste from the
paper-making process, which can be used as byproducts. The excess electric and heat energies are sold,
thereby turning waste into resources, and creating extra profit for the company. Based on Equations (1)
to (19), the aforesaid green product mix decision model is described in Appendix A.
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Table 1. (a) Example data; (b) Example data—facility level cost.

(a) Example Data

Data Category Index & Activity-Driver Activity Parameter Product 1 Product 2 Product 3 Available Capacity

Selling price j pi 320 280 250
Unit cost/price

Material (Unit-level)
m = 1(pulp substitute) $20.00/unit ai1 3 2 1 Q1 = 11,310

m = 2(cleanable waste paper) $15.00/unit ai2 4 3 2 Q2 = 17,020
m = 3(ordinary waste paper) $5.00/unit ai3 2 4 7 Q3 = 24,750

Expense m = 4(water) $1.00/unit ai4 10 12 15 Q4 = 70,400
m = 5(coal) $2.00/unit ai5 23 25 30 Q5 = 147,960

Selling byproduct

s = 1(electricity) $0.80/unit bi1 5 6 7
s = 2(steam) $0.50/unit bi2 1 2 3

s = 3(organic compost) $0.035/unit bi3 10 12 15
s = 4(cement products) $0.02/unit bi4 10 12 15

s = 5(building materials) $0.20/unit bi5 23 25 30
s = 6(reinforced structural

building materials) $0.05/unit bi6 23 25 30

s = 7(fireplates) $0.70/unit bi7 23 25 30

Unit-level activity Machine hours 1 λi1 6 7 8
Labor hours 2 λi2 4 5 6

RDF5 saved cost Electric energy 3 λi3 5 6 7
Steam (heat) energy 4 λi4 1 2 3

Batch-level activity Activity-driver Cost per activity driver

Pulping Blending $6 5 αi5
µi5

1
3

2
2

3
1 T5 = 7750

Papermaking Papermaking $14 6 αi6
µi6

2
8

3
6

4
3 T6 = 12,470

Coating Treatment $2 7 αi7
µi7

3
5

4
4

5
3 T7 = 6100

Packing Packing $1 8 αi8
µi8

2
3

2
2

3
1 T8 = 5400

Product-level activity-Design Drawings $100 9 ρi9 15 12 18 D6 = 50
Maximum demand Vi 2000 2500 3000
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Table 1. Cont.

(b) Example data—facility level cost

Environmental Management Cost Total Cost $20,000

Machine hours constraint-Cost MC0 = $85,600 MC1 = $98,975 MC2 = $115,025
Machine hours MH0 = 42,800 MH1 = 48,150 MH2 = 53,500

Machine cost rate mr0 = $2/h mr1 = $2.5/h mr2 = $3/h
Direct labor constraint-Cost LC1 = $38,204 LC2 = $62,082

Labor hours LH1 =19,102 LH2 = 28,653
Wage rate wr1 = $2/h wr2 = $2.5/h

Power constraint
Cost SEC1 = $92,000 SEC2 = $101,200 SEC3 = $108,100
Hour SGH1 = 36,800 SGH2 = 41,400 SGH3 = 46,000
Rate PT1 = $2.5/10 thousand kWh PT2= $2/10 thousand kWh PT3 = $1.5/10 thousand kWh

Steam(heat) constraint
Cost SSC1 = $32,000 SSC2 = $35,200 SSC3 = $37,600
Hour SSH1 = 12,800 SSH2 = 14,400 SSH3 = 16,000
Rate ST1 = $2.5/10 thousand kWh ST2 = $2/10 thousand kWh ST3 = $1.5/10 thousand kWh
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4.2. Analysis

This MIP model uses LINGO 15.0 [51] software to obtain the optimal solution to the variables of
the proposed decision-making model, as shown in Table 2. While decision-makers intend to determine
the optimal solutions with limited resources, such optimal solutions are conditional and depend
on the preset target structure. This paper suggests using the LINGO model to determine the final
target structure and solutions, as LINGO is fast, easy to use, and more effective in establishing linear,
nonlinear, quadratic, quadratic constraint, second-order cone, half-definite, stochastic, and integral
optimization models.

Table 2. The optimal solution of numerical example *.

Symbol Value Symbol Value Symbol Value Symbol Value

Z $643,193.80 B21 1250 batches CO2 65,620.8 t σ2 0
X1 1940 t B31 480 batches SO2 0.291648 t θ0 0
X2 2500 t B12 243 batches CO 14.5824 t θ1 0.577217
X3 480 t B22 417 batches COD 109.368 t θ2 0.422783
P1 $22,448.00 B32 160 batches BOD 7.2912 t γ1 0
P2 $4190.00 B13 388 batches SS 9.114 t γ2 1
P3 $1981.00 B23 625 batches AOX 0.109368 t φ0 0
P4 $1132.00 B33 160 batches R1 1 φ1 0
P5 $24,304.00 B14 647 batches R2 1 φ2 1
P6 $6076.00 B24 1250 batches R3 1 ϕ0 0
P7 $85,064.00 B34 480 batches σ0 1 ϕ1 0
B11 647 batches NOx 72.912 t σ1 0 ϕ2 1

* Z: Total profit (thousand dollars). Ps: Revenue of byproduct s (thousand dollars).

According to the results, the optimal profit of the product mix of the recycled paper mill is (X1,
X2, X3) = (1940, 2500, 480), which requires 11,300 units of the first raw material (=3 × 1940 + 2 × 2500 +

1 × 480), 16,220 units of the second raw material (=4 × 1940 + 3 × 2500 + 2 × 480), 17,240 units of the
third raw material (=2 × 1940 + 4 × 2500 + 7 × 480), 56,600 units of water (=10 × 1940 + 12 × 2500 +

15 × 480), 121,520 units of coal (=23 × 1940 + 25 × 2500 + 305 × 480), 32,980 machine hours (=6 × 1940 +

7 × 2500 + 8 × 480), and 23,140 direct labor hours (=4 × 1940 + 5 × 2500 + 6 × 480). The total profit
Z is $643,193.80. In terms of byproducts: (1) revenue from selling electricity is $22,448; (2) revenue
from selling steam (heat) is $4190; (3) revenue from organic compost is $1981; (4) revenue from cement
products is $1132; (5) revenue from building materials is $24,304; (6) revenue from reinforced structural
building materials is $6076; (7) revenue from fire plates is $85,064. The total revenue from the aforesaid
byproducts is $145,195.

As seen from the above table, through the combination of mathematical programming and accurate
cost analysis, cost apportionments of the terminal products, as well as the analytic results of basic
operation system, business managers can reference the data for optimal operational decision-making,
leading the enterprise towards maximized operating profit before conducting production and business
activities. Through the application of this model, enterprises can make decisions regarding whether
to continue processing. Moreover, in the decision-making process, enterprises can find the best way
to obtain the optimal solution, even under the unfavorable situation of limited resources. Due to its
convenience and understandability, calculation tools are based on ABC and TOC, provide a practical
method for rendering decisions of a product portfolio which can assist enterprises to use raw materials
efficiently in the product mix decisions of GMTs, thereby meeting environmental goals and increasing
corporate profit.

4.3. Sensitivity Analysis

Sensitivity analysis on the key parameters of the model provide further insights for this study.
This study conducts sensitivity analysis on the cost and available capacity of 3 raw materials: pulp
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substitute, clean waste paper, and ordinary waste paper, with the unit being 5%. Regarding the
unit costs of raw materials (pulp substitute, clean waste paper, and ordinary waste paper = $20, $15,
$5 respectively); when all the purchase costs of the three are items decreased by 5%, the increase in
the company profit will be (pulp substitute, cleanable waste paper, ordinary waste paper = 1.76%,
1.89%, 0.67%, respectively). When the costs are further decreased by 5%, namely, the decreasing rate
changes from 5% to 10% (5% + 5% = 10%), the increase in the company profit will be (pulp substitute,
cleanable waste paper, and ordinary waste paper = 3.51%, 3.78%, 1.34%, respectively). As the test
results show, when all the purchase costs of the three items are decreased by 5%, the increase in the
company profit will be (pulp substitute, cleanable waste paper, and ordinary waste paper = 1.76%,
1.89%, 0.67%, respectively).

Additionally, this study conducts an in-depth exploration into the influence of cost increase on
enterprise profit. In terms of the unit cost of raw material, when the three purchase costs are increased
by 5%, the reduction in the profit of enterprises will be (pulp substitute, cleanable waste paper, and
ordinary waste paper = −1.76%, −1.89%, −0.67%, respectively); when the three purchase costs are
increased by another 5% or 10%, the reduction in the profit of enterprises will be (pulp substitute,
cleanable waste paper, and ordinary waste paper = −3.51%, −3.78%, −1.34%, respectively). As the
test shows, when all the purchase costs of the three items are decreased by 5%, the increase in the
profit of enterprises will be (pulp substitute, cleanable waste paper, and ordinary waste paper = 1.76%,
1.89%, 0.67%, respectively). Tables 3–5 show the relationship between the purchase costs and profits
of pulp substitute, cleanable waste paper, and ordinary waste paper. The contents of Tables 3–5 are
illustrated in Figure 5, which displays the cost decrease and capacity increase over profit increase.
As shown in Figure 5, as the cost of the raw materials procured by enterprises gradually decreases, the
quantity of the raw materials that can be procured will gradually increase, and enterprises will make
more profit. Specifically, cleanable waste paper and ordinary waste paper have a great influence on
enterprises, with the former having the greater influence; while the pulp substitute has less influence
on the revenue of enterprises.

In terms of available capacity, (pulp substitute, cleanable waste paper, and ordinary waste paper =

11,310, 17,020, 24,750, respectively). The sensitivity analysis showed that when the available capacities
of pulp substitute and clean waste paper increased by 5%, respectively, the profit increased by 1.76%.
However, when the available capacities further increased by 5%, the profit ceased to increase beyond
the 1.76%. Tables 6 and 7 show the relationships between pulp substitute, clean waste paper, and the
company profit. When the available capacity of ordinary waste paper increased by 5%, the profit of
the company did not increase. If it further increased by 5%, the profit still did not change. Table 8
shows the relationship between cleanable waste paper and the company profit. The sensitivity analysis
indicated that the company can further increase its current 5% available capacity of cleanable waste
paper to gain more profit.
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Table 3. Sensitivity analysis on the cost of pulp substitute.

Cost
Decrease/Increase

Ratio (%)
Profit

Increase/Decrease
(Compared with
the Initial Value)

Increase Profit

pulp substitute −30% 710,993.8 10.54% 67,800.0
pulp substitute −25% 699,693.8 8.78% 56,500.0
pulp substitute −20% 688,393.8 7.03% 45,200.0
pulp substitute −15% 677,093.8 5.27% 33,900.0
pulp substitute −10% 665,793.8 3.51% 22,600.0
pulp substitute −5% 654,493.8 1.76% 11,300.0
pulp substitute 0% 643,193.8 0.00% 0.0
pulp substitute 5% 631,893.8 −1.76% −11,300.0
pulp substitute 10% 620,593.8 −3.51% −22,600.0
pulp substitute 15% 609,293.8 −5.27% −33,900.0
pulp substitute 20% 597,993.8 −7.03% −45,200.0
pulp substitute 25% 586,693.8 −8.78% −56,500.0
pulp substitute 30% 575,393.8 −10.54% −67,800.0

Table 4. Sensitivity analysis on the cost of clean waste paper.

Cost
Decrease/Increase

Ratio (%)
Profit

Increase/Decrease
(Compared with
the Initial Value)

Increase Profit

Cleanable waste paper −30% 716,183.8 11.35% 72,990.0
Cleanable waste paper −25% 704,018.8 9.46% 60,825.0
Cleanable waste paper −20% 691,853.8 7.57% 48,660.0
Cleanable waste paper −15% 679,688.8 5.67% 36,495.0
Cleanable waste paper −10% 667,523.8 3.78% 24,330.0
Cleanable waste paper −5% 655,358.8 1.89% 12,165.0
Cleanable waste paper 0% 643,193.8 0.00% 0.0
Cleanable waste paper 5% 631,028.8 −1.89% −12,165.0
Cleanable waste paper 10% 618,863.8 −3.78% −24,330.0
Cleanable waste paper 15% 606,698.8 −5.67% −36,495.0
Cleanable waste paper 20% 594,533.8 −7.57% −48,660.0
Cleanable waste paper 25% 582,368.8 −9.46% −60,825.0
Cleanable waste paper 30% 570,203.8 −11.35% −72,990.0

Table 5. Sensitivity analysis on the cost of ordinary waste paper.

Cost
Decrease/Increase

Ratio (%)
Profit

Increase/Decrease
(Compared with
the Initial Value)

Increase Profit

Ordinary waste paper −30% 669,252.8 4.05% 26,059.0
Ordinary waste paper −25% 664,882.8 3.37% 21,689.0
Ordinary waste paper −20% 660,512.8 2.69% 17,319.0
Ordinary waste paper −15% 656,142.8 2.01% 12,949.0
Ordinary waste paper −10% 651,813.8 1.34% 8620.0
Ordinary waste paper −5% 647,503.8 0.67% 4310.0
Ordinary waste paper 0% 643,193.8 0.00% 0.0
Ordinary waste paper 5% 638,883.8 −0.67% −4310.0
Ordinary waste paper 10% 634,573.8 −1.34% −8620.0
Ordinary waste paper 15% 630,263.8 −2.01% −12,930.0
Ordinary waste paper 20% 625,953.8 −2.68% −17,240.0
Ordinary waste paper 25% 621,643.8 −3.35% −21,550.0
Ordinary waste paper 30% 617,333.8 −4.02% −25,860.0
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Table 6. Sensitivity analysis on the available capacity of pulp substitute.

Increasing
Ratio Profit

Increase/Decrease
(Compared with
the Initial Value)

Increase Profit

Pulp substitute 0% 643,193.8 0.00% 0.0
Pulp substitute 5% 654,512.8 1.76% 11,319.0
Pulp substitute 10% 654,512.8 1.76% 11,319.0
Pulp substitute 15% 654,512.8 1.76% 11,319.0
Pulp substitute 20% 654,512.8 1.76% 11,319.0
Pulp substitute 25% 654,512.8 1.76% 11,319.0
Pulp substitute 30% 654,512.8 1.76% 11,319.0

Table 7. Sensitivity analysis on the available capacity of clean waste paper.

Increasing
Ratio Profit

Increase/Decrease
(Compared with
the Initial Value)

Increase Profit

Clean waste paper 0% 643,193.8 0.00% 0.0
Clean waste paper 5% 654,512.8 1.76% 11,319.0
Clean waste paper 10% 654,512.8 1.76% 11,319.0
Clean waste paper 15% 654,512.8 1.76% 11,319.0
Clean waste paper 20% 654,512.8 1.76% 11,319.0
Clean waste paper 25% 654,512.8 1.76% 11,319.0
Clean waste paper 30% 654,512.8 1.76% 11,319.0

Table 8. Sensitivity analysis on the available capacity of ordinary waste paper.

Increasing
Ratio Profit

Increase/Decrease
(Compared with
the Initial Value)

Increase Profit

Ordinary waste
paper 0% 643,193.8 0.00% 0.0

Ordinary waste
paper 5% 643,193.8 0.00% 0.0

Ordinary waste
paper 10% 643,193.8 0.00% 0.0

Ordinary waste
paper 15% 643,193.8 0.00% 0.0

Ordinary waste
paper 20% 643,193.8 0.00% 0.0

Ordinary waste
paper 25% 643,193.8 0.00% 0.0

Ordinary waste
paper 30% 643,193.8 0.00% 0.0

5. Discussion

Recent literature regarding the costs and processes of manufacturing applied ABC and TOC to the
allocation of resources [17], and combined ABC and sensitivity analysis [52]; however, few studies have
combined all three approaches; thus, this study can serve as reference for future studies regarding costs
and resource allocation. The sensitivity analysis of this study implies that although the purchase cost
of cleanable waste paper is ranked second among the three raw materials, it has the highest influence
on company profit as it accounts for the highest percentage of production costs. The test on available
capacity indicates that if the current 5% available capacity of cleanable waste paper can be further
increased, the factory will produce more products, thereby obtaining more profit. After providing
the findings to the case factory, the Purchasing Department of the case company discovered that



Energies 2020, 13, 2413 17 of 23

the purchase cost of cleanable waste paper has the greatest influence on company profit. As the
international price of paper is reduced in the future, the case company can negotiate with their suppliers
to reduce their price. Previously, the case company thought that it had already taken full advantage of
the available capacity of the raw material; however, after being informed of the findings, it plans to
increase its application of cleanable waste paper.

5.1. Managerial Implications

Preliminary research has found that the adoption of ABC can help management to identify purchase
behaviors [53] while greatly improving organizational performance, productivity, and profitability; hence,
this technique has been widely promoted to enhance enterprise profitability [54,55]. However, as many
industries continue to use old production technologies, which consume resources and energy at a rate
of more than triple that of new environmental technologies, enterprise pollution cannot be effectively
controlled, quality of life is affected, and environmental damage is continuously aggravated [6].
Therefore, when internal environmental technologies of enterprises are enhanced by internal
environmental management, pollution is effectively controlled. When new training schemes can be
imported into environmental management systems to strengthen employees’ environmental awareness
and environmental problem-handling modes, the performance of environmental management systems
will be significantly influenced [56].

An environmental management system also uses the internal innovations of process innovation,
technology innovation, and product innovation for improvement [9]. With the rise of environmental
awareness, enterprises actively conduct internal green innovation, which has a significantly positive
influence on increasing enterprises’ competitive advantages. When the innovation ability of competitors
is low, applied innovation can double the competitive advantage of an enterprise [16]. With increased
consumer environmental considerations, retailers and manufacturers will benefit by providing
extraordinary green business practices [57]. Numerical application and sensitivity analysis demonstrate
the applicability of the proposed model and emphasize management insights [58]. The main purpose
of business operations is to obtain profit for a company; decreased production costs and increased
available capacity are the two most common approaches. Sensitivity analysis shows the proportion of
each raw material against production costs. On the basis of changing the procurement environment,
a company can negotiate with raw material suppliers to reduce the price of raw materials in order to
save purchase costs. During reproduction, the available capacity of raw materials with production
potential can be increased to facilitate the company’s production of more products, and thereby, create
more profits.

5.2. Limitations

This study provides a reference model for energy conservation and carbon emission reduction
through a case study, based on the operational procedures of the traditional paper-making industry.
The values in the case are all represented by virtual numbers. Paper mills can apply this model to make
effective use of their wastes, as based on a power generation method that uses its own fuel and raw
materials after obtaining the data of discharged wastes through the testing process. Generalizability to
other industries is problematic.

6. Conclusions

Using sustainable operations research to enhance the innovation of environmental technology can
help enterprises to improve their environmental problems by reducing environmental pollution [6]
within a short time by classifying pollutants and waste; thus, the performance of enterprises in
solving environmental problems can be effectively improved [59]. Corporate competitiveness and the
usability of managerial accounting information have significant correlation [60]. Therefore, this study
combines ABC with TOC, and uses the Mathematical Programming Approach to provide paper-making
enterprises with a production mode that includes environmental protection, while taking full advantage
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of the byproducts of process wastes. This study explores the cost of the production process with ABC.
The TOC is adopted to help managers note the restricted resources of production processing and
remove any bottlenecks.

In order to be practical, regarding the situation of occasional overtime work hours, this study
handles it with stepwise machine costs and piecewise direct labor costs. The former considers the
different rates of plants according to the different electricity consumption rates during production;
while the latter considers overtime work in production. In addition to the saved costs of electric
and thermal energies of several plants, through the implementation of energy-saving operations, the
company expressed their saved costs due to the energy conservation nature of the model. When
simultaneously considering a winning corporate image and profit, if recycled paper is used as a raw
material for production, products with higher value are created according to the characteristics of
the different recycled papers, which may be the future direction for enterprises that have not used
recycled resources as raw materials. While coal firing pollutes ambient air, many mills continue to use
it to generate power in order to save costs; water, as the industrial blood, is usually wasted without
proper recycling. Therefore, this study especially introduces the application of coal and wastewater,
and suggests the combination of a boiler and cogeneration for the construction of most resources.
Subsequent mills can effectively take full advantage of the waste from boilers, meaning enterprises
can become excellent benchmarking enterprises, and find a balance between profitability and energy
efficiency through their gradual growing awareness of environmental protection.
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Notations

The main symbols of variables and parameters used in this model are defined as follows:
Z Corporate profit;
Xi Quantity of product i;
pi Unit price of product i;
cs Unit price of byproduct s
bis The quantity of byproduct s of one unit of product i
SSCp Saved pth steam costs, when p = 1, the preferential rate is applicable; when p = 2, the basic preferential

rate is applicable; when p = 3, the excess rate is applicable;
SSHp Saved pth steam machine hours, when p = 1, the preferential rate is applicable; when p = 2, the basic

preferential rate is applicable; when p = 3, the excess rate is applicable;
SECq Saved qth electric power costs, when q = 1, the preferential rate is applicable; when q = 2, the basic

preferential rate is applicable; when q = 3, the excess rate is applicable;
SGHq Saved qth generating machine hours, when q = 1, the preferential rate is applicable; when q = 2, the

basic preferential rate is applicable; when q = 3, the excess rate is applicable;
βi j Saved activity driver demands of unit-level activity j (j ∈ U) for steam machine hours of one-unit

product i;
γi j Saved activity driver demand of unit-level activity j (j ∈ U) for generating machine hours of one-unit

product i;
cm Unit cost of mth raw material;
aim Unit cost of mth raw material; mth raw material demand of one-unit product I;
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Qm Available quantity of raw material Q.
d j Running activity cost per activity driver for activity j;
λi j Activity driver demand of unit-level activity j (j ∈ U) of one-unit product i;
LC1 Total direct labor cost in LH1 (see Figure 2);
LC2 Total direct labor cost in LH2 (see Figure 2);
TL Total labor hours needed for the company;
LH1 Upper limit of total direct labor hours of normal work (see Figure 2);
LH2 Upper limit of total direct labor hours including overtime work (see Figure 2);
αi j The quantity of resource used by each batch-level activity j (j ∈ B) for product i;
Bi j The number of batches for batch-level activity j (j ∈ B) used by product i;
µi j The quantity of product i for each batch-level activity j (j ∈ B);
T j The quantity available for the activity driver of batch-level activity j (j ∈ B).
ρi j Demand of activity driver needed by product-level activity j (j ∈ P) for product i;
Ri Production indicator of product i; If (Ri = 1), then product i will be produced. Otherwise, (Ri = 0);
Vi Maximum demand for product i;
D j The quantity available for the activity driver of activity j (j ∈ P).
MCk Total machine cost in MHk (see Figure 3);
MHk Machine hours of kth level capacity (see Figure 3);
σk SOS1 set of 0–1 variables (special order of the first kind), where one and only one variable must be

nonzero; σk = 1 means that machine hour is expanded to MHk.
δi Machine hour demand for one unit of product i;
CE Environmental management cost;
cp Processed gas p;
gip The total quantity of gas p from product i.;
G The quantity of carbon equivalent of various gases allowed to be emitted from the mill paper-making process.
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Appendix A

Company A introduces ABC and TOC into the mathematical programming of the production process.

Table A1. The mathematical programming model with the example data of Table 1.

Z = [(income from main paper products) + (relevant byproducts) + (saved electric power cost) + (saved steam cost)] − [(unit-level activity cost: total material cost + total expense + total direct labor cost+ total machine
cost) + (batch-level activity cost) + (product-level activity cost) + (total facility-level activity cost) + environmental management cost]

= (
n∑

i=1
piXi +

n∑
i=1

t∑
s=1

csbisXi +
n∑

q=0
SECqϕq+

m∑
p=0

SSCpφp) −

[
n∑

i=1

s∑
m=1

cmaimXi +
n∑

i=1

∑
j∈U

d jλi jXi + (LC1θ1 + LC2θ2)

+
n∑

i=1

∑
j∈B

d jµi jBi j +
n∑

i=1

∑
j∈P

d jρi jRi +
r∑

k=0
MCkσk + CE

 = (
3∑

i=1
piXi +

3∑
i=1

7∑
s=1

csbisXi +
2∑

p=0
SSCpφp +

2∑
q=0

SECqϕq)−

 3∑
i=1

5∑
m=1

cmaimXi +
3∑

i=1

∑
j∈U

d jλi jXi+(LC1θ1 + LC2θ2)+
3∑

i=1

∑
j∈B

d jµi jBi j +
3∑

i=1

∑
j∈P

d jρi jRi +
2∑

k=0
MCkσk + CE


=(320X1 + 280X2 + 250X3) + {[0.8*(5X1 + 6X2 + 7X3)] + [0.5*(X1 + 2X2 + 3X3)] + [0.035*(10X1 + 12X2 + 15X3)] + [0.02*(10X1 + 12X2 + 15X3)] + [0.2*(23X1 + 25X2 + 30X3)] + [0.05*(23X1 + 25X2 + 30X3)] + [0.7*(23X1 +
25X2 + 30X3)]} + (92,000φ0 + 101,200φ1 + 108,100φ2) + (32,000φ0 + 35,200φ1 + 37,600φ2) − {[(20*3 + 15*4 + 5*2)X1 + (20*2 + 15*3 + 5*4)X2 + (20*1 + 15*2 + 5*7)X3] + [(1*10 + 2*23)X1 + (1*12 + 2*25)X2 + (1*15 +
2*30)X3] + (38,204θ1 + 62,082θ2) + [(6*1)B11 + (6*2)B21 + (6*3)B31] + [(14*2)B12 + (14*3)B22 + (14*4)B32] + (2*3)B13 + (2*4)B23 + (2*5)B33] + [(1*2)B14 + (1*2)B24 + (1*3)B34] + [(100*15)R1 + (100*12)R2 + (100*18)R3] +
(85,600σ0 + 98,975σ1 + 115,025σ2) + 20,000 = 160.9X1 + 143.21X2 + 126.425X3 + 92,000φ0 + 101,200φ1 + 108,100φ2 + 32,000φ0 + 35,200φ1 + 37,600φ2 − 38,204θ1 − 62,082θ2 − 85,600σ0 − 98,975σ1 − 115,025σ2 − 6B11 −

12B21 − 18B31 − 28B12 − 42B22 − 56B32 − 6B13 − 8B23 − 10B33 − 2B14 − 2B24 − 3B34 − 1500R1 − 1200R2 − 1800R3 − 20,000
Subject to:

Raw material and expense constraints:
3X1 + 2X2 + X3 ≤ 11, 310
4X1 + 3X2 + 2X3 ≤ 17, 020
2X1 + 4X2 + 7X3 ≤ 24, 750
10X1 + 12X2 + 15X3 ≤ 70, 400
23X1 + 25X2 + 30X3 ≤ 147, 960

Stepwise facility-level machine hour constraints:
6X1 + 7X2 + 8X3 − 42, 800σ0 − 48, 150σ1 − 53, 500σ2 ≤ 0
σ0 + σ1 + σ2 = 1
Direct labor constraints:
4X1 + 5X2 + 6X3 − 19, 102θ1 − 28, 653θ2 = 0
θ0 − γ1 ≤ 0
θ1 − γ1 − γ2 ≤ 0
θ2 − γ2 ≤ 0
θ0 + θ1 + θ2 = 1
γ1 + γ2 = 1

Batch-level production activity constraints:
X1 − 3B11 ≤ 0
X2 − 2B21 ≤ 0
X3 − B31 ≤ 0
B11 + 2B21 + 3B31 ≤ 7750
Batch-level preparation activity constraints:
X1 − 8B12 ≤ 0
X2 − 6B22 ≤ 0
X3 − 3B32 ≤ 0
2B12 + 3B22 + 4B32 ≤ 12, 470

Batch-level treatment activity constraints:
X1 − 5B13 ≤ 0
X2 − 4B23 ≤ 0
X3 − 3B33 ≤ 0
3B13 + 4B23 + 5B33 ≤ 6100

Batch-level cutting activity constraints:
X1 − 3B14 ≤ 0
X2 − 2B24 ≤ 0
X3 − B34 ≤ 0
2B14 + 2B24 + 3B34 ≤ 5400
Product-level constraints:
X1 − 2000R1 ≤ 0
X2 − 2500R2 ≤ 0
X3 − 3000R3 ≤ 0
15R1 + 12R2 + 18R3 ≤ 50
Saved electric power cost =
92, 000φ0 + 101, 200φ1 + 108, 100φ2
Constraints:
5X1 + 6X2 + 7X3 − 36, 800φ0 − 41, 400φ1 − 46, 000φ2 ≤ 0
φ0 + φ1 + φ2 = 1
Saved steam cost = 32, 000ϕ0 + 35, 200ϕ1 + 37, 600ϕ2
Constraints:
X1 + 2X2 + 3X3 − 12, 800ϕ0 − 14, 400ϕ1 − 16, 000ϕ2 ≤ 0
ϕ0 + ϕ1 + ϕ2 = 1

Estimated data of different gases emitted from the mill paper-making

process:
3∑

i=1

8∑
p=1

cpgipXi ≤ 80, 000

NOx: 0.0006*(23X1 + 25X2 + 30X3)
CO2: 0.54*(23X1 + 25X2 + 30X3)
SO2: 0.0000024*(23X1 + 25X2 + 30X3)
CO: 0.00012*(23X1 + 25X2 + 30X3)
COD: 0.0009*(23X1 + 25X2 + 30X3)
BOD: 0.00006*(23X1 + 25X2 + 30X3)
SS: 0.000075*(23X1 + 25X2 + 30X3)
AOX: 0.0000009*(23X1 + 25X2 + 30X3)
In order to conform to the environmental protection policy, the carbon
equivalent of the company should not exceed 80,000 units.
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