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Abstract: This study explores the integration of activity-based costing (ABC) and the theory of
constraints (TOC) with carbon tax policies to drive decarbonization in the Taiwanese glass industry.
Employing a mathematical programming approach, four distinct models are developed to assess
the impact of different carbon tax structures, carbon trading mechanisms, and recycled material
utilization on corporate profitability and carbon emissions. The findings reveal that strategically
applying ABC and the TOC with well-designed carbon tax policies can effectively incentivize emission
reduction while maintaining industrial competitiveness. The models incorporating carbon trading
and tax allowances demonstrate the potential for creating win—-win situations, where companies can
increase profitability by investing in cleaner technologies and processes. This study contributes to
the literature on sustainable manufacturing and provides actionable insights for policymakers and
industry leaders seeking to implement effective carbon pricing mechanisms that drive economic
growth and environmental sustainability in tandem.

Keywords: green economy; circular economy; glass industry; carbon emissions; carbon tax; carbon
cost; sustainable development; activity-based costing (ABC); mathematical programming; theory
of constraints

1. Introduction
Research Background

Glass is an incredibly versatile and ubiquitous material in our modern society, despite
often being taken for granted [1]. Its unique combination of properties—fragile yet trans-
parent, impermeable, non-toxic, inert, and non-crystalline—make it suitable for a wide
range of applications [2]. From smartphone screens and car windows to drinking glasses
and even more specialized uses like fiber optic cables, biomedical implants, lasers, and
optics, glass is all around us [3,4].

Recently, glass has also emerged as a key enabler of low-carbon technologies like
high-capacity batteries, data storage, 3D printing [5], energy-efficient buildings [6], solar
panels [7], and wind turbines [8]. This has propelled global glass production to nearly
130 million tons in 2020 [1].

The history of glass spans thousands of years, with the oldest artifacts dating back
to 3500 BC [9]. Originating in Egypt, glass production later developed independently in
China, Greece, and Northern Tyrol [10]. Major milestones include the invention of the glass
blowing pipe in 1st century AD Syria, a return to plant ash-based recipes in the Levant in
the 8th-9th century [9,11], large mirrors in 17th-century France [12], the rise of Murano,
Swarovski, and Waterford as glass art centers, the regenerative furnace enabling mass
production in the 19th century [13], automatic bottle manufacturing in the 1920s [12], and
the revolutionary float glass process invented by Pilkington in 1952 [14]. Modern float glass
lines can produce up to 1000 ton per day [12].
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The advantages provided by glass are overshadowed by its environmental impacts,
as increasing carbon emissions contribute to global climate change and the greenhouse
effect. This urgency is underscored by disasters like European floods and Spanish wildfires,
prompting nations to aim for “net zero by 2050” goals. Aligning with these objectives,
Taiwan saw 27 companies, including notable ones like Sinosteel and Chunghwa Telecom,
form the “Taiwan Net Zero Action Alliance” in 2021 with the ambition of achieving zero
emissions at office locations by 2030 and at production sites by 2050. Following suit,
the Taiwanese government introduced “Taiwan’s 2050 Net Zero Emissions Pathway and
Strategy” in 2022, detailing necessary shifts across energy, industry, lifestyle, and societal
domains to meet this target.

To facilitate reaching these net zero ambitions, mechanisms such as carbon fees, taxes,
trading, and carbon footprinting are being implemented. Notably, in early 2023, Taiwan’s
Legislative Yuan enacted the “Climate Change Response Act”, making the 2050 net zero
target a legal obligation and establishing a carbon fee from 2024 on entities emitting more
than 25,000 tons of carbon annually, along with setting up a carbon trading system.

This research delves into the glass industry’s adaptation to a green economy, exploring
the integration of carbon taxation, trading, recycling, and the comprehensive accounting of
emissions and operational costs. The objective is to develop carbon tax formulas and trading
frameworks tailored for the glass manufacturing process, incorporating the recycling of
raw materials. Through simulation, this study aims to identify production strategies that
optimize profit across various product lines, cost structures, and output levels. It also
assesses the effects of different carbon policy implementations and recycling initiatives on
emission reduction and financial performance, employing activity-based costing for precise
cost estimation and the theory of constraints for bottleneck management.

The findings are expected to guide companies in understanding the financial impli-
cations of impending carbon taxes and trading systems, thus informing both corporate
strategies and governmental policies towards the “net zero by 2050” goal. Emphasizing
recycling and other circular economy practices not only aids firms and consumers but
also contributes to long-term environmental sustainability. Achieving net zero is a collec-
tive global endeavor requiring coordinated efforts from individuals, governments, and
industries to regulate and oversee supply and production chains.

The rest of the paper is structured as follows: Section 2 reviews glass industry emis-
sions, circular economy development, carbon tax and trading systems, and applications
of green ABC and the TOC. Section 3 describes the production process and planning
models for eight carbon emission functions under single- and multi-phase scenarios.
Section 4 presents enterprise sample data (model parameters from Section 3), compares
simple models, and analyzes the integrated results. Section 5 provides a brief discussion
and conclusion.

2. Background and Literature
2.1. Background

To meet the ambitious targets of the Paris Climate Convention (2015), which aims to
limit the global average temperature rise to below 1.5 °C above pre-industrial levels, com-
prehensive decarbonization efforts need to extend beyond the energy sector, encompassing
transportation, residential, and industrial sectors [15-17]. Among these, energy-intensive
industries (Ells) represent a significant challenge due to their capital-intensive nature, high
cost-competitiveness, and sensitivity to product quality, which are compounded by their
substantial energy consumption per unit of output [18-20]. Specific industries such as
aluminum [21,22], steel [23], cement [21,22], and glass [24,25] are highlighted for their
energy intensiveness.

The glass industry, in particular, requires significant energy primarily for the high-
temperature melting of raw materials, presenting a microcosm of the broader challenges
faced by Ells [26]. The industry’s diversity, with sub-sectors such as container glass, flat
glass, special glass, and glass fibers, each with different energy needs and quality standards,
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underscores the complexity of implementing effective decarbonization strategies. This
sector’s substantial CO, emissions, with container and flat glass production accounting for
a significant share of global output and emissions [27-29], highlight the urgent need for
targeted mitigation strategies.

Research efforts aimed at both quantifying and mitigating the glass industry’s carbon
footprint have led to insightful findings. Schmitz et al. [30] analyzed energy consumption
and CO; emissions across the EU ETS countries, identifying container and flat glass as
major emitters, with natural gas as the predominant fuel source. In contrast, Hu et al. [31]
examined the CO, emissions from China’s container glass industry, noting significant
differences in emission intensity due to variations in fuel mix and recycling rates compared
to Europe. Additionally, efforts to forecast and reduce energy demand through energy
efficiency measures (EEMs) have been documented, with Frassine et al. [32] predicting a
decrease in energy demand for European glass furnaces by 2030, despite an increase in
glass demand.

The comprehensive discussion on emissions and EEMs within the glass industry,
including the evaluation of technical options and the Best Available Techniques (BATs)
for emission reduction, is provided by Delgado Sancho et al. [25]. Further assessments
by Springer and Hasanbeigi [27] and Worrell et al. [33] on technologies for improving
energy efficiency in glass production estimate potential savings and highlight the mul-
tifaceted approach required for effective decarbonization. Finally, Papadogeorgos and
Schure [34] outline various decarbonization options for the Dutch glass industry, empha-
sizing strategies like fuel and feedstock substitution and carbon capture, storage, and
utilization (CCS/CCU).

2.2. Activity-Based Costing and Theory of Constraints

Cooper and Kaplan [35] introduced activity-based costing (ABC), a method that
allocates costs to objects in two stages, widely applied in industries like aviation and
manufacturing, as shown by research [36-38]. ABC’s applications extend to environmen-
tal management and project management, highlighting its utility in providing detailed
cost information for environmental initiatives [39,40]. The United Nations Division for
Sustainable Development views environmental costs as those related to protecting the
environment, including efforts to manage carbon emissions [41]. ABC helps managers
make sustainable decisions by offering accurate environmental cost data, aiding in pricing
and outsourcing decisions [42].

Goldratt and Cox’s [43] theory of constraints (TOC), introduced in 1984 [44], empha-
sizes managing limited resources through a five-step model aimed at improving system
throughput. This methodology is especially relevant in manufacturing, where it addresses
production bottlenecks to enhance output [45]. Carbon emissions, categorized into direct,
indirect, and those from broader production activities, are considered significant constraints
in production systems.

ABC, primarily a long-term analysis tool, assumes variable costs for most produc-
tion resources, not directly addressing system constraints like the TOC, which is more
short-term-oriented [46]. The Green Activity-Based Management approach merges ABC,
the TOC, and the Critical Path Method (CPM) to measure and report carbon emissions
effectively, illustrating the impact of exceeding emission limits or extending working hours
on costs [46].

Integrating ABC and the TOC with environmental considerations, this paper pro-
poses a mathematical programming model for green product portfolio decision-making,
incorporating carbon emission costs. This integration allows for optimizing product mixes
and maximizing profitability by leveraging limited resources and accurate cost data from
ABC [47].

This research seeks to fill the literature gap on the use of advanced costing methods,
like ABC and the TOC, combined with carbon reduction strategies in the glass industry.
It aims to enhance cost allocation precision and optimize production for environmental
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sustainability, offering insights into aligning industry practices with the global decarboniza-
tion agenda [48-55]. This approach underscores the potential synergies between ABC, the
TOC, and carbon reduction practices, marking a significant advancement in sustainable
industrial practices within the glass sector.

2.3. Emission Reduction-Contributing Industries

In the steel manufacturing industry, a framework for carbon reduction targeting
energy-intensive industries has been proposed. By integrating digitalization and high-
efficiency energy-saving equipment, carbon emissions in steel manufacturing can be signif-
icantly reduced. Although the initial costs are high, combining digital tools and energy-
saving equipment is effective in the long term [56]. Secondly, in the power sector, a study
in Fangshan District, Beijing, proposed a low-carbon demand response mechanism using
dynamic carbon accounting technology and electricity planning data. This mechanism,
which sends carbon reduction signals from the user side, helps the power sector realize
its carbon reduction potential. The study showed that a low-carbon demand response
can effectively reduce corporate carbon emissions, with enterprise capacity and industry
attributes significantly impacting the reduction effect [57]. Additionally, in the field of
enhanced oil recovery, carbon capture, utilization, and storage (CCUS) technology is consid-
ered an important means of reducing CO, emissions. A study on large-scale CO, enhanced
oil recovery projects globally indicated that these projects have potential in reducing carbon
emissions, though the lack of standardized methodologies makes estimating their lifecycle
emissions challenging [58]. In Asia, an analysis of carbon emissions data from 38 countries
between 1991 and 2018 identified policies and carbon trading systems as factors influencing
the cost of carbon reduction. The results showed that optimizing the energy structure and
implementing policies significantly impacted carbon emission reductions [56]. Research
explored the impact of policy support and corporate behavior on carbon reduction for
Chinese listed companies, indicating that these factors are crucial for effectively alleviating
environmental pressure [57]. The study found that in 2050, Brazilian steel production is
expected to emit 64 million tons of carbon dioxide (MtCO,). If steel recycling reaches
36% of total production, carbon emissions can be reduced by 20%. Converting 86% of the
remaining blast furnace production to charcoal could achieve a total emission reduction of
65%. Although the abatement cost of charcoal is higher and the uncertainty of recycling
is greater, the abatement potential of charcoal production is relatively stable. The study
also highlights that economic policies and regulations need to be strengthened to cope
with the additional cost of charcoal, ensure sustainable charcoal production, and improve
logistics and scrap market differentiation [59]. Additionally, the study found that changes
in carbon emissions in Portugal between 1960 and 2016 were mainly influenced by fossil
fuel dependence and the efficiency and structure of the energy system. Electrification pro-
motes decarbonization if terminal electrification, renewable resources, and natural gas each
account for more than one-third of the energy mix [60]. In summary, various industries
have made significant contributions to carbon reduction. However, the glass industry
has not been explored in depth. This study will focus on the glass industry in Taiwan,
elaborating on the model construction process in the next section.

3. Materials and Methods

This study used LINGO 18, a powerful software tool for solving both linear and nonlin-
ear optimization problems. The methodology applied in our analysis involves calculating
profitability by subtracting the total operational and production costs from generated rev-
enues and then accounting for carbon tax implications as a final adjustment. This approach
allows us to assess the net profit under different regulatory and market conditions.

By employing LINGO 18, we defined our objective function explicitly to maximize
profit, factoring in these costs and revenues. For reproducibility, researchers should set up
their LINGO model to calculate the revenue from the sale of glass products, subtract the



Processes 2024, 12, 1078

5 of 27

associated costs of materials, labor, and operations, and finally include the carbon tax costs
as specified by the scenarios tested in our study.

Firstly, we identify the glass furnace, a critical process, as the ‘bottleneck resource’
limiting production capacity and focus our analysis around it, reflecting the basic TOC
concept of focusing on constraints. Secondly, only variable costs are considered in the objec-
tive function, treating fixed costs as ‘sunk costs’, which aligns with the TOC’s ‘throughput
accounting’ philosophy. Moreover, in setting resource constraints, we follow the TOC logic
of ‘time compression’, optimizing production batches and minimizing work-in-progress to
maximize the efficiency of bottleneck resource utilization. Although the model does not
directly reflect the complete steps of the ‘Five Focusing Steps’, the underlying constraint
theory significantly influences problem formulation and solution.

3.1. Glass Industry Production Process

Glassware has a storied past, with its earliest use by humans traced back to around
2000 BC. As civilizations evolved, so did the techniques for crafting glass, leading to the
sophisticated manufacturing processes we see today. Illustrated in Figure 1, the production
of modern glass involves five key stages: batching, melting, forming, annealing, and
finishing. Initially, the composition of raw materials is determined based on the specific
glass items to be produced. These materials are then thoroughly mixed in a batch mixer.
Following this, the blend is transferred to a melting furnace where it is liquefied. After
melting, the molten glass is moved to an annealing furnace where it is slowly cooled to
relieve internal stresses. The final stage involves various treatments such as cleaning and
polishing to achieve the desired shape and quality of the glass product.

Glass scrub
Ingredients: Take Sape, Finishing Wash,
silicon dioxide(j=1) Fusion A .
= [ ‘ Smooth,Shine
sodium carbonate (=) Annealing ™
lime (j=3)
Raw materialinput:
Metalfilm (j=5) a
_U. COMNG ey Reglectlve
ass
Raw material
input:
— Avalible for i
Sheet ‘u. P0G Lacquered vailible for sale
Glass Glass
Production
Reheat Tempered
treatment \ GlaSS

Figure 1. The production process of the glass industry.

3.2. Research Hypothesis

This study’s primary considerations for selecting three time periods are as follows:
First, given the production characteristics and equipment renewal cycles of the glass
industry, three years (2019-2021) is typically a suitable timescale for medium- to long-
term planning; second, considering the phased implementation of carbon tax policies
and the gradual increase in carbon prices, three years also represents a typical policy
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adjustment period; third, in terms of data availability, a three-year span makes it easier
to collect relevant information on production, sales volume, prices, and costs. Of course,
our model is not limited to three periods and can be adjusted flexibly according to actual
needs. Additionally, we will clarify the positioning of the first period in the model as
a baseline scenario and reference point for the multi-period model to help understand
the impacts and changes across different periods. We believe that these additions will
enable readers to clearly understand our considerations in the selection of time periods.
Companies aim to achieve the highest possible profits. Spanning from t = 1 to t = 3, this
denotes a model that covers three time periods. There are four categories of products
indexed as i =1 to i = 4, where flat glass is designated as product 1 (i = 1), reflective glass
as product 2 (i = 2), lacquered glass as product 3 (i = 3), and tempered glass as product 4
(i = 4). Each product, numbered from 1 to 4, has its own selling price per unit. The quantity
produced for each product is also numbered from 1 to 4. Seven different materials are used
as inputs, labeled j = 1 to j = 7, where silicon dioxide is j = 1, sodium carbonate is j = 2,
lime is j = 3, petroleum coke is j = 4, metal film is j = 5, paint is j = 6, and recycled waste
glass is j = 7. The proportion of recycled waste glass in the total raw material mix is also
considered. The cost per unit for each type of material is also labeled (j =1 to j = 7). Glass
manufacturing involves batching, where raw materials (silica sand, soda ash, limestone,
additives) are mixed in precise proportions. The batch is then fed into a furnace at high
temperatures (up to 1700 °C/3090 °F) for melting, creating a homogeneous liquid. Next,
the molten glass is formed into the desired shape using techniques like blowing, pressing,
drawing, or rolling. After forming, the glass undergoes annealing, where it is slowly
cooled to relieve internal stresses and prevent cracking. Finally, the glass is inspected
for imperfections and finished according to specifications, which may include cutting,
polishing, and further shaping.

The amount of each material type j needed to manufacture one unit of product i is
considered, for i ranging from 1 to 4 and j from 1 to 7. For labor costs, there are standard
hours (HR1), the cost for the first level of overtime (HR2), and the cost for the second level
of overtime (HR3), with the constraint that only up to two of these costs can be non-zero.

The cost associated with performing a single unit of job type o (0 =5 or 6).

The amount of product needed for material handling jobs (o = 5).

The total volume processed in a single batch for material handling jobs (o = 5).

The required quantity of product type i for setup jobs (o = 6).

The batch size for product type i in setup jobs (o = 6).

Includes all other costs that are constant.

The ratio of recycled waste glass from the last production cycle to the total mass of all
products produced in the preceding period.

3.3. Basic Production Model
3.3.1. General Formula of Objective Function

This part of the paper outlines the goal function and the constraints used in the
production process: The firm aims to maximize its profit (71), which is calculated as the
revenue from sales of glass products minus the expenses incurred, including the cost of raw
materials, wages for direct labor, expenses for handling operations, costs associated with
setting up, charges related to carbon emissions, and any other fixed expenses. The single-
period model is used to quickly assess the impact of policy changes, while the multi-period
model is suitable for long-term strategic analysis to evaluate the impact of decisions over a
large time span. The single-period model, also known as the static model or the current-
period model, is mainly used to portray the optimal decision-making of glass enterprises
within a single production cycle. In this model, we consider the main economic parameters,
such as the sales revenue, raw material cost, labor cost, equipment depreciation, and energy
consumption of glass products, and introduce environmental parameters such as the carbon
emission coefficient and carbon tax rate to establish a linear programming model with the
goal of maximizing profit. By solving the model, we can determine the optimal product
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mix for glass enterprises under given production conditions and carbon tax levels. The
advantage of this model is that it can meticulously depict the input-output relationship of
glass production and incorporate the impact of carbon tax, thereby providing a quantitative
basis for the company’s current production decisions. However, this model also has certain
limitations; that is, it fails to reflect the dynamic adjustment process of production decisions
and does not consider the cross-period constraints of enterprises in terms of production
capacity and capital budget.

To make up for the deficiencies of static analysis, we further developed a multi-period
model, also known as a dynamic model. Compared with the single-period model, the time
span of the multi-period model is longer, usually covering 3-5 production cycles. In this
model, we not only consider the production and operation decisions of each period but
also portray the association and constraints between different decision-making periods in
terms of capacity planning and capital budgeting. At the same time, we also introduce
dynamic factors such as technological updates and learning effects to reflect the gradual
improvement in corporate production efficiency. Moreover, in the objective function, we
replace the maximization of current-period profit with the maximization of the cumulative
value of cross-period profit, so as to reflect the behavioral orientation of enterprises pursuing
long-term benefits. Through multi-period optimization, we can obtain a dynamic optimal
decision-making path, that is, in different periods, what product mix, production scale, and
technology level the enterprise should choose in order to obtain the maximum long-term
revenue while meeting the carbon tax constraints. The advantage of this model is that it
can capture the dynamic change characteristics of corporate production and operation and
provide forward-looking decision-making solutions. However, this model also has higher
requirements for data and needs to make reasonable predictions on the changing trends of
product demand, price, cost, and other parameters.

The single-period model is used to quickly assess the impact of policy changes, while
the multi-period model is suitable for long-term strategic analysis to evaluate the impact of
decisions over a large time span.

Single period general formula:

4 4 6
T = Z SiPi — Re Z{[MC7qi7 + MC4(qi4 — 0.06) + (Z MC}%])]Pz}
i=1 i=1 j=5

4 6
(1—Re) Z (Z ]qu) — [HRy +¢1(HRy — HRy) + e2(HR3 — HR1)]

4
—CoQoBo — ) _ CodioBj, — Carbon tax—
i=1

Multiple periods general formula

3 4

3 4 6
T = Z Z SiPyy — Z <R€t{2 MCyqi7 + MC4(6],4 —0. 06 Z ]ql] })
i=1

t=1i=1 t=1

3 4 3
=Y [(1—Re) ) (Z MC]%) Py] + MRe Z Z PyMCy — )
t=1

i=1 \j=1 t=2i=1 t=1

3 4 3
[HRy + €1 (HRy — HRy) + e (HR3 — HR1)] — Y Y "(Codio Biot + CoQoBot) — Y (Carbon tax)
t=1i=1 t=1

3
—) +F
t=1

Symbol Description:
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MC

qij

HR;, HR,, HR;

€0, €1, €2

Co

Qo

B,

MRe

UMQ;

CHR;, CHR,, CHR;

X1, &2

Profit Maximization by Companies: Businesses aim to achieve the
highest possible profits.

The Definition of the Timeframe in the Model: The multi-period
model is identified with labels t = 1 to 3, indicating a span of three
time periods.

The Classification of Products: Within the product categories
numbered 1 through 4, we have the following: for category 1 (i =1),
the product is flat glass; for category 2 (i = 2), the product is reflective
glass; for category 3 (i = 3), the product is lacquered glass; and for
category 4 (i = 4), the product is tempered glass.

The Sale Price per Unit for Each Product: For products numbered

1 through 4, we have a distinct selling price per unit.

The Volume of Production for Each Product: The amount of each
product (numbered 1 to 4) that is produced.

Types of Raw Materials Used: We categorize raw materials into seven
types, labeled 1 through 7, with each type representing a different
material such as silicon dioxide, sodium carbonate, lime, petroleum
coke, metal film, paint, and waste glass.

Waste Glass Usage Ratio: The fraction of waste glass in comparison to
the total raw materials used.

The Cost per Unit of Raw Materials: For each of the seven types of
raw materials (numbered 1 to 7), there is a specific cost associated.
Raw Material Consumption per Product Unit: This details how much
of each raw material (1 through 7) is required to produce one unit of
each product (1 through 4).

Direct and Overtime Labor Costs: There are three categories of labor
costs: regular hours (HR1), first level of overtime (HR2), and second
level of overtime (HR3), with a constraint that at most two of these
can be non-zero for any given situation.

Non-negative Variable Constraints: All variables in the set should be
greater than or equal to zero, with the stipulation that no more than
two of these variables can have values above zero at any given time.
Cost for Each Job Operation: The expense incurred for executing one
unit of a specific operation, designated as operations 5 and 6.
Required Quantity for Material Handling: This refers to the amount
needed for operation 5, which deals with handling materials.
Material Handling Batch Size: The number of units processed in a
single batch for material handling operation 5.

Product Demand for Setup Operations: The quantity of each product
(i) needed for the setup operation labeled as number 6.

Setup Operation Batch Size: The total number of units of product i
that are prepared in one batch for setup operation 6.

Fixed Overhead Costs: Expenses that remain constant regardless of
the volume of production.

The Ratio of Recycled Waste Glass: This describes the share of waste
glass from the last production cycle relative to the total mass of
products produced in the same period.

The upper limit of the available quantity of raw material ;.

Labor Hours per Product Unit: The amount of labor time required to
manufacture one unit of product i during operation o.

The Allocation of Labor Hours: Typically, there are caps on labor
hours categorized as the maximum regular labor hours (CHR1),
hours for the first overtime phase (CHR2), and hours for the second
overtime phase (CHR3).

Binary Variable Constraints: For a set of binary variables (0 or 1), if
one variable is assigned the value 1, the remaining must be set to 0 to
ensure exclusivity.
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The quantity for each batch size in terms of tons during material

"o handling operations is set at 5.
The maximum energy allocation for these material handling
PC, L .
operations is also established at 5.
i The machine hours required to produce a unit of product i
10

under o operation.
LMP, The maximum capacity of machines under job o (0 = 1,2,3,4).

The maximum carbon emissions for the first (CTFQ;) and second
UNTQi, UNTQ; (CTFQ5) scenarios.
my, My, ms Dummy variable (0,1); only one of the three can be 1.
The first carbon tax rate (kry), the second carbon tax rate (kr;), and
the third carbon tax rate (kr3).
Ao, A, A, As Dummy variable (0,1); only one of the four can be 1.
FQq Tax-free carbon emissions.
The amount of carbon emissions falling in the first segment (FNTQ)),
the amount of carbon emissions falling in the second segment
(FNTQ3y), and the amount of carbon emissions falling in the third
segment (FNTQ3).
Tax-free carbon emissions (FQg) and the maximum carbon emissions
in the first stage (FQ;) and the second stage (FQ,). Exempt carbon
emissions (FQp) and the upper limit of carbon emissions for the
initial stage (FQ) and for the subsequent stage (FQ>).

k?’l , k1’2, k1’3

FNTQ;, EFNTQ,, FNTQ;

FQO/ FQl/FQZ

3.3.2. Direct Material Cost Function

This study posits that the manufacturing of glass predominantly relies on seven key
materials. The foundational components include silicon dioxide (identified as j = 1), sodium
carbonate (j = 2), and lime (j = 3). For fuel, petroleum coke (j = 4) is utilized, with its quantity
varying based on the specific product requirements. Materials such as a metal film (j = 5)
and paint (j = 6) are essential for the production of reflective glass (i = 2) and painted glass
(i = 3), respectively. Additionally, waste glass (j = 7) serves as a recyclable material that can
substitute a portion of the primary raw materials.

One-period direct material cost function:

Re Z{ MC7qi7 + MCy(gis — 0.06) Z MC;jqij)|P;}+
i=1 j=

4 [ 6
(1—Re)) <Z Mqui]) P,
i=1 \j=1
Related constraints:
4
Y Pgij < UMQ; (j=1,2,...,6) (1)
i=1

Multi-period direct material cost function:

3 4 6 3 4
)y (Ret{ ¥ [MC7qi7 + MCy(gi4 — 0.06) + (‘25 Mchij)]Pit}) + tzl[(l —Ret) <Z1 MC]%]> t]
1 ]= = j

t=1 =1 i=1

3 4
—~MRe ¥ Y. P4MC;
t=2i=1

Related constraints:

4
Y Pugiy £ UMQ; (j=1...6,t =1,2,3) @
i=1
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Symbol Description:
UMQ; The upper limit of the available quantity of raw material j.
The 0.06 adjustment effectively represents the losses or inefficiencies in the use of
(%‘4 — 006) . . . .
this material during the production process.

3.3.3. Direct Labor Cost Function

In the process of producing glass, wages for direct labor encompass both regular hours
and overtime, divided into two tiers. The workforce is primarily engaged in monitoring
the production flow and managing the machinery. Typically, labor expenses are constant,
as salaries are owed to workers irrespective of the production needs. Overtime is incurred
for expedited orders or when the existing workforce is insufficient to manage a surge
in orders within a brief timeframe. During such instances, the escalation in work hours
sequentially triggers the costs associated with the first and then the second tier of overtime.
Hlustrated in Figure 2, the function representing labor costs is a piecewise continuous
function, activating different overtime pay rates in a stepwise manner as work hours
extend beyond the standard schedule.

Costs

HR>

HR)

>
L

CHR: CHR» CHR3 Hours
HR : labor costs ; CHR . labor Hours

Figure 2. Direct labor cost function.
Single-period direct labor cost function:
HRq + Sl(HRz - HRl) + Sz(HR3 — HRl)

Related constraints:

i i 1jpP; < CHR, +¢1(CHR, — CHR;) + £2(CHR; — CHR;) ®)
i=10=1

gg—u1 <0 4)

e1—ap—ap <0 (5)

g2 —ay <0 (6)

gg+e1+ep=1 (7)

ap+ap =1 8)

3
Y [HRy +€1:(HR, — HRy) + € (HR3 — HRy)]
t=1
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Related constraints:

4 6
Z Z u;, Py < CHRq{ + Slt(CHRz — CHRl) + 821(CHR3 — CHRl) t =123 9)
i=1o=1

eor —apr <0 t =123 (10)
e —oapp—anp <0 t=1,23 (11)
ey —apr <0 t =123 (12)
e t+epp+eyp=1 t=123 (13)
app g =1 t =123 (14)

Symbol Description:

Labor Hours per Product Unit: The amount of labor time required to

manufacture one unit of product i during operation o.

The Allocation of Labor Hours: Typically, there are caps on labor hours

categorized as the maximum regular labor hours (CHR1), hours for the

first overtime phase (CHR2), and hours for the second overtime phase

(CHR3).

Binary Variable Constraints: For a set of binary variables (0 or 1), if one

wq, & variable is assigned the value 1, the remaining must be set to 0 to
ensure exclusivity.

Ujp

CHR;, CHR,, CHR;

The number of hours worked by employees and the corresponding expenses are
determined by a set of indicator variables a1 and ay; for example, if a7 is 1, then ay =0
must Given the conditions outlined in Constraints (3) to (8), it is established that ¢y and
€1 both lie within the range (0, 1), and their combined total equals 1. Under these circum-
stances, the total labor hours allocated by the company are CHR; + €1 (CHR; — CHR4),
which will fall in the second paragraph in Figure 2 (paragraph The total labor cost is
HRq + ¢ (HRZ — HR1))

3.3.4. Material Handling Costs

This research posits that operations for handling materials take place exclusively
during the transition from storage to the production area, ensuring that all raw materials
for glass are moved to the machinery area for manufacturing activities.

One-period material handling cost function:

COQOBO
Related constraints:
6
Y qijPi <1oBy (i=1...4,0 =5) (15)
j=1
QoB, < PC, (0 = 5) (16)

Multi-period material handling cost function:

3
Z Co Qo Byt
t=1
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Related constraints:

6
Y qiiPy <1oBot (i=1...40=5)t =1,2,3 (17)
j=1
QoBot < PC, (0=5)t =1,2,3 (18)
Symbol Description:

The quantity for each batch size in terms of tons during material handling
operations is set at 5.

The maximum energy allocation for these material handling operations is also
established at 5.

Mo

PC,

3.3.5. Batch Level Job—Set Job Cost Function

This research presumes that the adjustment activities will be carried out in processes
numbered o =1 to 4. For instance, during the batching process, the machine’s parameters
are adjusted to set the mixture ratio, thereby controlling the quality of the glass. Similarly,
in the process designated as o = 3, which involves the treatment of lacquered glass, the
color of the lacquer is controlled through specific adjustments to the machinery settings.

Single-period setting activity cost function:

4
Z Codio Bjo
i=1
Related constraints:
P <TjBj, (i=1...4,0=06) (19)
4
Y _di;Biy < PC,(0 =6) (20)

i=1

Multi-period setting activity cost function:

3 4
Z 2 CodioBiot
t=1i=1
Related constraints:
Py <TjyBipy (i=1...4,0=6)t =1,2,3 (21)
4
Y dipBiot < PCol0=6)t =1,2,3 (22)

i=1
Symbol Description:
PC, Capacity for batch design operations (o = 6).
The batch-level workload of each batch of product i produced under the setting
T o . . . . °
peration, that is, the number of glass products to be applied in one setting (0 = 6).

3.3.6. Machine Hour Limit

In the manufacturing process of glass, a significant portion of the requirements are
fulfilled by machinery and equipment. Throughout the stages of mixing ingredients, melt-
ing, shaping, further processing, and finally during the coating and printing of specialized
products, the use of machinery and equipment is essential. There exists a maximum output
capacity for these machines, meaning there is a cap on how much can be produced, which
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in turn can indirectly influence profits. Here is the formula related to the limitations on
machine hours for a single period:

4
Y mhi,P; < LMP, (0 =1,2,3,4) (23)
i=1
Multi-period:
4
2 mh;oPy < LMP, (0 =1,2,3,4)t =1,2,3 (24)
i=1
Symbol Description:
mhy, The machine hours required to produce a unit of product i under o operation.

LMP, The maximum capacity of machines under job o (0 =1,2,3,4).

3.4. Carbon Tax Cost Function

This paper develops four distinct models considering the variables of being continuous
or discontinuous, incorporating or excluding tax benefits, and including or excluding
carbon trading options. Additionally, it differentiates between single-period and multi-
period models, designating three periods for the latter. In this research, the single-period
model specifies that waste glass (j = 7) constitutes 30% of all raw materials used. In the
multi-period scenario, the proportion of waste glass utilized increases progressively over
time: starting at 30% in the first period, then escalating to 50% in the second, and reaching
70% in the final period. This incremental approach aims to enhance the recycling of waste
glass as a substitute for raw materials, thereby contributing to carbon reduction objectives.
Such a strategy is anticipated to lower costs and boost profits. Regarding carbon credits,
this study applies a simple linear model for carbon pricing, indicating a uniform rate for
either purchasing or selling carbon credits.

3.4.1. Discontinuous Carbon Tax Cost Function

Single-period objective function:

4 6
7= ¥ P~ Re Y {[MCraiy + MCal(s — 0.06) + (3 MCya) P} — (1 Re)
i=1 i=1 j=5

4 6
) (Z MC; q”) — [HRy +¢1(HRy — HRy) + e2(HR3 — HRy)] — C,QoBo—
i=1

4
Y CodioBio — (kiNTQq 4+ koNTQs + ksNTQ3) —
i=1

Multi-period objective function:

3 4 3 4 3
=Y Y sip—) ( Ret{Z[MC7qZ7+MC4(ql4—OO6 ZMC qij)] P })—2[(1—Ret)
t=1i=1 t=1 i=1 t=1
4 6 3
Y Y. MCigij | Pi] + MRe 2 ZPZtMQ — Y [HR; +e1(HRy — HRy) + €3 (HR3 — HRy)]
i=1 \j=1 =2i=1 t=1
3 4 3 3
— Y Y (CodioBiot + CoQoBot) — Y (kiNTQ1; + kaNTQa; + ksNTQz) — Y +F
t=1i=1 t=1 t=1

Symbol Description:
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k1, k2, k3 The first carbon tax rate ((k;), the second carbon tax rate (k;), and the
third carbon tax rate (k3).
NTQq, NTQ,, NTQj3 The amount of carbon emissions falling in the first segment (NTQ;),

the amount of carbon emissions falling in the second segment
(NTQ3y), and the amount of carbon emissions falling in the third
segment (NTQ3).

The discontinuous (full progressive tax rate) carbon tax cost function, as shown in
Figure 3 and Functions (25) and (26), uses three discontinuous tax rates, which means that
when the upper limit of each segment is exceeded, all carbon emissions will be taxed at
the new rate. In Figure 3, the segments are clearly delineated, demonstrating the points at
which the tax rates change., UNTQ); the initial tax rate, represented by k_1, applies when
the total carbon emissions fall within the range of 0 to UNTQ1. This range defines the
first stage of taxation. The second stage introduces a higher tax rate and takes effect when
emissions exceed UNTQ1 but do not surpass UNTQ2, with UNTQ2 marking the upper
boundary of this stage, then k; is used as the tax rate. k; is used as the tax rate; when the
total carbon emission is greater than UNTQ,, k3 is used as the tax rate. The following are
all constraints related to the cost of these carbon single-period functions:

£(TCTQ) = {kyTCTQ, 0< TCTQ < UNTQ; k,TCTQ, UNTQ; < TCTQ < UNTQ, ksTCTQ, TCTQ > UNTQ, (25)

Costs N

k;UNTQ,

kiUNTQ,

0 UNTQ, UNTQ: Quantity

k : Carbon tax rate
UNTQ - Carbon emission quantity

Figure 3. Discontinuous carbon tax cost function.
Multi-period functions:
f3(TCTQ;) = {kyTCTQy, 0 < TCTQ; < UNTQq kyTCTQ;, UNTQq < TCTQ; < UNTQ ksTCTQ;, TCTQ; > UNTQ, (26)

Single-period

n
) CTe;P; = NTQ1 + NTQ> + NTQ;3 (27)

i=1
0< NTQ1 < mUNTQ, (28)
MQUNTQl < NTQz < H’QUNTQZ (29)
mzUNTQ, < NTQs (30)
my+my+mg=1 (31)

Multi-period
n

) CTeiP; = NTQ; +NTQ, + NTQs, t =1,2,3 (32)

i=1

0< NTQu < myyUNTQ1, t =1,2,3 (33)
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myUNTQ1 < NTQo; < myUNTQp, t =1,2,3 (34)
mztUNTQy < NTQgz, t =1,2,3 (35)
myp+my+my =1t =1,2,3 (36)
Symbol Description:

UNTQq, UNTQ, The maximum carbon emissions for the first (CTFQ7) and
second (CTFQ,) scenarios.
my, My, M3 Dummy variable (0,1); only one of the three can be 1.

The carbon tax cost will be influenced by the specific mix of dummy variables. For
my, myp, ms, for example, if my is 1, then my and m3 must be 0, and from restriction
Formulas (28)—(31), at this time, the company’s total carbon emission is NTQ;, which
will fall in the first range (0, UNTQ)), and the total carbon tax cost is ky NTQ;.

3.4.2. Discontinuous Carbon Tax Cost Function of Carbon-Containing Rights

Single-period objective function:

EZ{ Mc7qz7+MC4(‘714_006 ZM qI] P} (1 _Re>
i=1

3
|

™1~
cn

I
—

i <Z MC l],]) [HR1+€1(HR27HR1)+€2(HR37HR1)] —CpyQoBy — i CodiyBio
= iz
NTQ, + k3NTQ3) — Q(GCQ - TCTQ)](Tl + [(klNTQl +kNTQ, + k3NTQ3) + Q(TCTQ — GCQ)}(@} —F

Multi-period objective function:

—{[(kyNTQ1 + k

= i i SiPit — ) <R€t { i[MCMﬂ + MCy(qis — 0.06) + (i MC;qi})] Pis })

t=1i=1 t=1 i=1 j=5
3 4 3 4 3
—Y |(1=Re) ) (Z MC]ql]> +MRe) Y PyMC;— )
t=1 i=1\j t=2i=1 t=1

3 4
[HRq + €1¢(HRy — HRy) + e2:(HR3 — HRq)] — ) Y "(CodisBjot + CoQoBor)

t=1i=1
3 3 3
=3 | Y (kiNTQq; + koNTQo¢ + ksNTQsz) — 6()_ GCQ; — ) TCTQy) |0
t=1 i=1 t=1

az}_iF

3 3 3
Y (kyNTQq; + koNTQo; + ksNTQs) +6() . TCTQy — Y | GCQy)
_ t=1 t=1

{+

t=1 i=1
The following are the relevant restrictions:
Single-period:

n
Y CTe;P; = O + Qp = TCTQ (37)
i=1
0< 0 <GCQRM (38)
GCQr < Oy < (GCQ+UCQ)m (39)

o+ =1 (40)
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—COQOBO -

Multi-period:

i CTe;Py = Q1+ = TCTQy, t =1,2,3 (41)
i=1
0< 0 <GCQoy, t =1,2,3 (42)
GCQoy < Oy < (GCQ+UCQ)oy, t =1,2,3 (43)
oyt+oy=1,t=1,2,3 (44)

For example, when o is 1, 02 = 0, the company’s carbon emissions will be between 0
and GCQ, eliminating the need to buy carbon credits and allowing for the sale of surplus
allowances, resulting in zero carbon emission costs. [(ki{NTQ1 +koNTQ, 4+ ksNTQs3)
—0(GCQ — TCTQ)]o1.

3.4.3. Discontinuous Carbon Tax Cost Function with Allowance
Single-period objective function:

4 6
=Y 8P —ReY {[MCrqi; + MCs(gis — 0.06) + ()_ MCjq;j)|P;}
o

i=1 ]

M-

Il
MR

4 6
—(1—=Re) Y <Z Mchi]) P; — [HRy +&1(HRy — HRy) + e2(HR3 — HR1)]
i=1 \j=1

4
2 CodioBio — [AMkri(FNTQq — FQo) + Agkro(FNTQ, — FQo) + Askr3s(FNTQz — FQo)]—F

i=1

Multi-period objective function:

3 4 3 4 6
m=3Y Y SiPi— ) (Ré’t{E [MC7qi7 + MCy(qis — 0.06) + (,25 Mquij)]Pit}>
i= j=

t=1i=1 t=1 1
3 4 6 3 4 3
~ ¥ |(1=Rer) T | X MCjg | Pi| +MRe ¥ ¥ PaMCy — ¥
t=1 i=1\j=1 t=2i=1 t=1
4 3
[HRq +€1¢(HRy — HRy) + e2:(HR3 — HRy)] — t21 'Zl(codioBiot + CoQoBot) — t21
=1i= =
3
[A1ekry (FNTQq — FQo) + Aatkra(FNTQor — FQo) + Astkrs(FNTQsr — FQo)| — 21 F
=
Symbol Description:
kry, kro, krs The first carbon tax rate (kr1), the second carbon tax rate (kr;), and
the third carbon tax rate (kr3).
Ao, A, A, As Dummy variable (0,1); only one of the four can be 1.
FQq Tax-free carbon emissions.

FNTQ1,FNTQ,,FNTQ3 The amount of carbon emissions falling in the first segment (FNTQy),
the amount of carbon emissions falling in the second segment
(FNTQ3y), and the amount of carbon emissions falling in the third
segment (FNTQ3).

Figure 4 and Formula (45) illustrate a non-continuous (incrementally increasing tax
rate) carbon tax cost function that incorporates tax exemptions. This setup presumes
that the government provides businesses with a specific quota of tax credits. Companies
will not be taxed as long as their emissions stay within this allocated limit. However, if
their emissions exceed this threshold, a tiered tax rate system comes into effect, applying
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progressively higher rates in three distinct segments. This means any emissions surpassing
the cap of a given tier will be taxed at the higher rate applicable to the next tier.

Costs
4 /

kry(FQ;—FQy)

kry (FQ1—FQo)

0 FQ, FQ, FQ Quantity'

kr : Carbon tax rate
FQ - Carbon emission quantity

Figure 4. Discontinuous carbon tax cost function with tax allowances.

The tax rate applies as follows: kry between FQq and FQ;, kry between FQ; and FQ,
and kr3 for emissions over FQ».

Single-period functions:

The following are all constraints related to the cost of this carbon tax:

fa(TCTQ) ={ 0, 0<TCTQ < FQq kr1(TCTQ — FQo),
FQo < TCTQ < FQq kra(TCTQ — FQo), (45)
FQi1 < TCTQ < FQ» k1’3(TCTQ — FQ()), TCTQ > FQ»

Multi-period functions:
Single-period:

n
) CTe;P; = FNTQo + FNTQq + FNTQ, + FNTQj3 (46)
i=1
0< FNTQo < AFQo (47)
MFQo < FNTQ; < MFQ (48)
AFQ1 < FNTQ2 < A2FQ; (49)
A3FQy < FNTQ3 (50)
A+A+Ar+A3=1 (51)
Multi-period:
n
Y CTe;Py = FNTQq + FNTQys + FNTQy + FNTQs, t =1,2,3 (52)
i=1
0 < FNTQot < AotFQo, t =1,2,3 (53)
MiFQo < FNTQq < AypFQ1t =1,2,3 (54)
AytFQ1 < FNTQo < AFQp, t =1,2,3 (55)
A3tFQ2 < FNTQ3, t =1,2,3 (56)
Aop+ A+ A+ A3 =11t =123 (57)

Symbol Description:
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FQp, FQ1, FQy Tax-free carbon emissions (FQ), the maximum carbon emissions in the first
stage (FQ1) and the second stage (FQ>). Exempt carbon emissions (FQp) and
the upper limit of carbon emissions for the initial stage (FQ1) and for the
subsequent stage (FQ»).

The carbon tax cost will depend on the combination of dummy variables Ag, A1, Ay, A3;
for example, if A; is 1, then Ag, Az, and A3 must be 0 and can be determined by
Constraints (47)—(51). It is known that the total carbon emission of the company at this time
is FNTQ1, which will fall in the first range in Figure 4 (FQy, FQ1), and the total carbon tax
costis A1kr1(FNTQq — FQy).

3.4.4. Discontinuous Carbon Tax Cost Function of Carbon Rights and Tax Allowances

Single-period objective function:

4 4
= .21 SiPi — Re ,El{[MCMW + MCy(qia — 0.06) + ( E MCjq;j)]Pi} — (1 — Re)
i= i= j=5 i

Tt

i MCiq;; | P; — [HRy +e1(HRy — HRy) + e2(HR3 — HRy)] — CoQoB, — i CodioBio
j=1 i=1
{{{Mkr1(FNTQq — FQq) + A2kro(FNTQz — FQq) + Askrs(FNTQ3 — FQq)] — 8(GCQ — TCTQ) }oq
+{/\1k1’1 (PNTQ1 — PQ()) + )sz?’z(PNTQz — PQ()) + /\3k1’3(FNTQ3 — FQO)] =+ Q(GCQ — TCTQ)}U’Z } —F

Multi-period objective function:

3 4 3 4 6
= tzl 121 SiPit — Z (Ret{ 21 MCrqi7 + MCq(qis — 0.06) + (1 MCj%j)]R’t})
=11= t=1 1= ]7
3
Y |(1-Re) ¥ <z MC]q”) 1+ MRe . ¥, PyMC;
t=1 i=1 t= 21 1
3
- Z [HRl + 81t(I_—IRZ - HRl) =+ €2t HR3 - HRl)} 21 Z (CodzoBzot + CoQoBot)
t=1i=1
3 3
.l Zl[)thkrl (FNTQ1t — FQo) + Aatkra(FNTQot — FQo) + Aatkrs(FNTQsr — FQo)] — 9(,21 GCQ: — Zl TCTQ:) oy
t= = =

3 3 3
+[ 21 [Aekry (FNTQq — FQo) + Aatkra(FNTQot — FQo) + Agtkrs(FNTQst — FQo)] + 9(121 TCTQ: — 21 GCQr) o)
t= i= t=
3
— )Y +F
=1
The following are the relevant restrictions:
Single-period:

n
Y CTeiP; = Oy +Qp = TCTQ (58)

i=1
0 <01 <GCQ (59)
GCQm < () < (GCQ + UCQ)O'z (60)
o +o=1 (61)

Multi-period:
n

2 CTeiPy = Oy + Qo = TCTQs t =1,2,3 (62)
0 < Qlt < GCQUltt = 1/ 2/3 (63)

GCQuy < Oy < (GCQ + UCQ)oyy, t =1,2,3 (64)
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01t +02t = 1/ t = 1/2/3 (65)

For example, when o7 is 1, 0, will be nonexistent. Under these circumstances, the
company’s total carbon emissions will be between 0 and GCQ, indicating that there is no
necessity for the company to buy additional carbon credits. Instead, it has the option to
sell any surplus credits to other companies. At this point, the cost associated with carbon
emissions is {[A1kr1(FNTQ1 — FQq) + Axkro(FNTQy — FQo) + Askrs(FNTQ3 — FQy)]
—0(GCQ — TCTQ) }o7.

4. Model Research Results and Analysis
4.1. Model Data Assumptions

Building on the mathematical model established previously, this section explores the
emission reduction potential and optimal decarbonization pathways for the glass industry
in Taiwan under various carbon pricing scenarios through a case study. We selected a
representative glass company as our research subject, inputting relevant parameters such
as production, cost, and emissions, and used Lingo 18.0 software to solve the optimization
model. By setting different carbon pricing levels and constraints, we constructed a series
of scenarios to assess the impact of carbon pricing policies on the emission reduction
behaviors and operational performance of glass enterprises. Table 1 is the research data.

Table 1. Model data.

Products
Sheet Reflective Lacquered  Tempered .
Symbol Glass Glass Glass Glass Capacity Cap
Minimum demand (production volume)/ton P; >280,000 >28,333 >30,000 >52,500
Sales price/ton S; USD 243 USD 384 USD 486 USD 332
Unit-level material price
silicon dioxide (j = 1) MC; =USD 52/ton qi1 0.7 0.7 0.7 0.7
sodium carbonate (j = 2) MC, =USD 439/ton qi2 0.2 0.2 0.2 0.2
lime (j = 3) MC3 =USD 56/ton qi3 0.1 0.1 0.1 0.1
fuel: Petroleum Coke (j=4) MCy; = USD 420/ton Qis 0.2 0.25 0.25 0.3
metallic film raw
material (j = 5) MCs =USD 600/ ton qis 0 0.1 0 0
paint (j = 6) MCs =USD 660/ ton Gis 0 0 0.2 0
glass (j =7) MC; =USD 100/ton qiz 1 1 1 1
Unit-level Activity 0
{’ngredignts for 1 iy 2 2 2 2
rocessing
labor hours coating 2 Ui 0 2 0 0
print 3 U3 0 0 2 0
reheat 4 Uiy 0 0 0 15
Ingredients for 1 mhy 5 5 5 5 LMP; = 2,394,594
Processing
machine hours coating 2 mhj, 0 3 0 0 LMP, = 163,680
print 3 mhyz 0 0 3 0 LMP3 = 169,912
reheat 4 mhiy 0 0 0 2 LMP,4 =135,589
Products
o Symbol  Sheet Reflective Lacquered  Tempered .
Glass Glass Glass Glass Capacity Cap
Batch-Level Activity
. ) Cs=USD Q 1
Material handlin, 5 PCs =20,000
g 10,000/ba tCh s 10,000 5
Cg = USD dig 2 3 4 3
Set 6 PCs = 500,000
¢ 27,000/batch T 100 50 50 70 °
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Table 1. Cont.

Direct labor cost

_ HR, =USD _
Cost HR; =USD 4,988,641 9,043,464 HR3 =USD 15,762,636
_ CHR; = _
Labor hour CHR; = 28,345 39,334 CHR3 =53,433
Wage rate USD 176/h USD 235/h USD 295/h
Carbon tax CTe; 0.5 0.8 0.8 0.7
_ CT, =USD CT3 =USD
Cost of each segment CT, =USD 1,166,667 4,526,489 164.929,976
Upper limit of carbon _ CTQ, = CTQs =
emissions in each stage CTQi= 233,333 452,648 13,194,398
. _ ctr, = USD ctrs = USD
Various tax rates ctry = USD 150/ton 300/ton 375/ton
Carbon credit cost 6 =USD 250/ton
Recycling operations (use ratio of glass)
Single-period Re=03
Multi-period Re; =03 Re; =05 Re; =0.7
Recycling glass from the MRe =0.1

previous period

4.2. The Optimal Solution and Analysis of the Model

After detailed data processing and analysis, we have derived the optimal solution for
the model. Table 2 is Model 1-4 Single period Discontinuous carbon tax profit and tax.

Table 2. Single period model profit and tax.

Model 1 (Discontinuous carbon tax)

T

259,623,667

Tax

34,999,967

Model 2 (Discontinuous carbon tax with carbon rights)

T 284,623,566
Tax 34,999,933
Carbon right +25,000,103
Model 3 (Discontinuous carbon tax with allowance)

T 262,123,666
Tax 32,499,980

Model 4 (Discontinuous Carbon Tax Including Tax Allowance and Carbon Rights)

T 287,123,566
Tax 32,499,936
Carbon right +25,000,103

Model 1 (Discontinuous Carbon Tax Model): The company’s profit is USD 259,623,667,
and it is required to pay a carbon tax of USD 34,999,967. This model employs a discon-
tinuous tax rate structure, where the tax rate changes abruptly when certain emission
thresholds are crossed. While this model effectively imposes a cost on carbon emissions,
it does not provide any additional flexibility or incentives for companies to reduce their
emissions beyond the mandated levels.

Model 2 (Discontinuous Carbon Tax Model with Carbon Rights): The company’s
profit increases to USD 284,623,566 with the carbon tax amount being similar to Model
1. However, the company can earn an additional USD 34,999,933 from the sale of carbon
rights. The inclusion of a carbon rights trading mechanism allows companies that emit less
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than their allotted quota to sell their excess carbon rights to other companies, thus creating
a financial incentive for emission reduction. This model encourages companies to invest in
cleaner technologies and processes to maximize their profits from carbon rights trading.

Model 3 (Discontinuous Carbon Tax Model with Tax Allowances): The company’s
profit is USD 262,123,666, slightly higher than Model 1. The carbon tax is slightly lower at
USD 32,499,980 due to the inclusion of tax allowances. These allowances provide a tax-free
emission threshold, reducing the effective tax burden on companies. This model recognizes
that some level of emissions may be unavoidable in certain industries and provides a
measure of relief to help maintain their competitiveness.

Model 4 (Discontinuous Carbon Tax Model with Both Tax Allowances and Carbon
Rights): The company’s profit is the highest among the four models, reaching USD 287,123,566.
The carbon tax is similar to Model 3, but the company earns an additional USD 32,499,936
from the sale of carbon rights. This model combines the benefits of both tax allowances
and carbon rights trading, providing the greatest flexibility and incentives for companies to
reduce their emissions. By offering both a tax-free emission threshold and the opportunity
to profit from unused emission allowances, this model creates a strong business case for
investments in clean technology and processes.

Overall, carbon tax models that incorporate carbon rights trading and tax allowances
provide companies with greater opportunities for profitability. Among these, Model 4
demonstrates the best profit performance. This suggests that under a carbon tax regime,
complementary measures that offer flexibility can help balance emission reduction goals
with industrial interests. By creating a system that rewards emission reductions and clean
investments, policymakers can work with businesses to achieve sustainable economic
growth in the face of climate change challenges.

After detailed data processing and analysis, we have derived the optimal solution for
the model Multi-period data Table 3 is Model 1-4 multi-period Discontinuous carbon tax
profit and tax.

Table 3. Model multi-period profit and tax.

Model 1 (Discontinuous carbon tax)

Phase 1 Phase 2 Phase 3

e 259,330,467 T 569,324,000 s 730,956,333
Tax 34,999,967 Tax 32,182,080 Tax 27,610,627
Model 2 (Discontinuous carbon tax with carbon rights)
Phase 1 Phase 2 Phase 3

v 284,330,467 T 599,020,667 s 768,272,000
Tax 34,999,967 Tax 32,182,080 Tax 27,610,533

Carbon right  +25,000,063 Carbon right  +29,696,533 Carbonright  +37,315,767

Model 3 (Discontinuous carbon tax with allowance)

Phase 1 Phase 2 Phase 3

T 261,830,467 s 571,824,000 s 733,456,333
Tax 32,499,967 Tax 29,682,080 Tax 25,110,627
Model 4 (Discontinuous Carbon Tax Including Tax Allowance and Carbon Rights)
Phase 1 Phase 2 Phase 3

s 286,830,267 T 601,520,667 s 770,772,000
Tax 32,499,980 Tax 29,682,070 Tax 25,110,537

Carbon right  +25,000,033 Carbon right  +29,696,550 Carbonright +37,315,767
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Model 1 (Discontinuous Carbon Tax Model):

In this model, the company’s profit increases from USD 259,330,467 in Phase 1 to
USD 569,324,000 in Phase 2 and USD 730,956,333 in Phase 3. The carbon tax decreases from
USD 34,999,967 in Phase 1 to USD 32,182,080 in Phase 2 and USD 27,610,627 in Phase 3.
The increase in profits and decrease in carbon tax over the three phases can be attributed to
the company’s adoption of cleaner production methods, such as increasing the proportion
of recycled glass in its raw materials. By using more recycled glass, the company reduces
its carbon emissions, leading to lower carbon tax liabilities. This model demonstrates
that investing in sustainable practices can lead to long-term financial benefits, even in the
absence of additional incentives like carbon rights trading or tax allowances.

Model 2 (Discontinuous Carbon Tax Model with Carbon Rights):

The company’s profit in this model starts at USD 284,330,467 in Phase 1, increases
to USD 599,020,667 in Phase 2, and reaches USD 768,272,000 in Phase 3. The carbon tax
follows the same trend as in Model 1, decreasing from USD 34,999,967 in Phase 1 to USD
32,182,080 in Phase 2 and USD 27,610,533 in Phase 3. However, this model also includes
revenue from the sale of carbon rights, which increases from USD 25,000,063 in Phase
1 to USD 29,696,533 in Phase 2 and USD 37,315,766 in Phase 3. The increasing revenue
from carbon rights sales can be attributed to the company’s continuous efforts to reduce
emissions by using more recycled glass. As the company’s emissions fall further below its
allocated quota, it can sell more carbon rights, generating additional income. This model
highlights the potential for companies to turn their emission reductions into a source of
revenue, creating a strong incentive for sustainable practices.

Model 3 (Discontinuous Carbon Tax Model with Tax Allowances):

In this model, the company’s profit increases from USD 261,830,467 in Phase 1 to USD
571,824,000 in Phase 2 and USD 733,456,333 in Phase 3. The carbon tax decreases from
USD 32,499,967 in Phase 1 to USD 29,682,080 in Phase 2 and USD 25,110,627 in Phase 3.
Compared to Model 1, the profits are slightly higher, and the carbon taxes are lower due to
the inclusion of tax allowances. These allowances provide a tax-free emissions threshold,
effectively reducing the company’s tax burden. As the company increases its use of recycled
glass over the three phases, its emissions decrease, and the impact of the tax allowances
becomes more pronounced, leading to lower tax liabilities and higher profits. This model
demonstrates the potential for tax allowances to provide a measure of relief for companies
as they transition to cleaner production methods.

Model 4 (Discontinuous Carbon Tax Model with Both Tax Allowances and
Carbon Rights):

This model combines the benefits of tax allowances and carbon rights trading, re-
sulting in the highest profits among the four models. The company’s profit increases
from USD 286,830,267 in Phase 1 to USD 601,520,667 in Phase 2 and USD 770,772,000 in
Phase 3. The carbon tax decreases from USD 32,499,980 in Phase 1 to USD 29,682,070 in
Phase 2 and USD 25,110,537 in Phase 3, similar to Model 3. However, the company also
earns revenue from the sale of carbon rights, which increases from USD 25,000,033 in
Phase 1 to USD 29,696,550 in Phase 2 and USD 37,315,767 in Phase 3. The combination
of tax allowances and carbon rights trading creates a strong incentive for the company
to continuously reduce its emissions, as it benefits from both lower tax liabilities and
increased revenue from the sale of unused emission allowances. This model demonstrates
the potential for a well-designed carbon tax system to drive sustainable practices and create
win-win situations for companies and the environment.

In conclusion, these multi-phase models illustrate the long-term benefits of investing
in cleaner production methods and the potential for carbon tax policies to drive sustainable
change in industries. The inclusion of flexible mechanisms like carbon rights trading and
tax allowances can create strong incentives for companies to reduce their emissions while
maintaining their competitiveness. As companies adopt more sustainable practices over
time, they can benefit from lower tax burdens, additional revenue streams, and improved
profitability, all while contributing to the global effort to combat climate change.
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5. Discussion

As a research subject, exploring the impact of carbon tax policies on the glass man-
ufacturing industry holds unique significance. Firstly, it is a key player in the global
glass manufacturing industry, with a comprehensive industrial chain and technological
foundation. The glass industry occupies a crucial position in the economy, and therefore,
studying the impact of carbon taxes on this sector provides important reference value for
policymaking and industrial transformation.

The government has proposed the “2050 Net-Zero Emission Pathway”, setting am-
bitious carbon reduction targets. To achieve this goal, the government plans to introduce
carbon pricing mechanisms, including carbon fees and a carbon trading system. In this
context, studying the application effects of different carbon tax models in the glass man-
ufacturing industry can provide valuable empirical evidence for the design of carbon
pricing policies, helping to achieve energy conservation, emission reduction, and green
development goals. Moreover, as an island economy, Taiwan faces the dual challenges of
energy import dependence and climate change. Promoting the low-carbon transformation
of energy-intensive industries, such as glass manufacturing, is not only related to industrial
competitiveness but also to energy security and climate resilience. Through researching
carbon tax policies, scientific evidence can be provided for Taiwan to formulate sustainable
development strategies and explore ways to achieve the low-carbon transformation of the
economy and society while ensuring industrial competitiveness.

The profitability analysis presented in Table 1 underscores significant financial benefits
for glass manufacturing companies that have implemented advanced technologies and
optimized processes, particularly in response to evolving carbon regulations. The projected
profits, ranging from USD 200 million to 700 million, stem from detailed scenario analyses
that reflect current market trends and the impacts of regulatory changes on operational costs
and revenue streams. These substantial figures validate the economic viability of adopting
sustainable practices within the industry. To provide stakeholders with actionable insights,
a deeper examination of how specific technological innovations and early compliance with
carbon pricing mechanisms quantitatively affect these profit outcomes would enhance our
discussion. This analysis would detail the incremental financial impacts and the competitive
advantages accrued, offering a granular understanding of the economic benefits involved.

The introduction of a carbon tax, leading to rising costs, may variably weaken the
competitive position of small- and medium-sized glass enterprises. For glass varieties with
high product homogeneity, such as flat glass, small businesses have limited scope for price
increases, and the carbon tax costs will more likely erode their already thin profit margins.
For technically more complex glass types, like specialty glass, small businesses, although
possessing relatively stronger bargaining power, may also face the risk of reduced demand
due to price increases. Overall, the carbon tax undoubtedly introduces greater operational
pressures for small- and medium-sized glass enterprises. Despite the challenges posed
by the carbon tax to these enterprises, crises often come with opportunities. Proactively
addressing carbon taxes and achieving green transformation development is not only
a general trend but could also become a new pathway for small businesses to enhance
their competitiveness. For instance, enterprises could collaborate with third-party energy-
saving services, using contractual energy management models to seek external funding
and technical support for energy-saving renovations; or they could form joint procurement
alliances with industry peers to utilize collective bargaining advantages and reduce the
procurement costs of clean production equipment; or strengthen strategic collaboration with
upstream and downstream players in the supply chain through technological innovation
and process re-engineering, thereby achieving cost sharing and mutual benefits while
improving energy efficiency. Although these measures still require further exploration and
improvement, they undoubtedly pave new developmental paths for small- and medium-
sized glass enterprises.

Furthermore, this research reveals the long-term benefits of enterprises adopting
clean production methods. As enterprises increase the proportion of recycled glass and
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other environmentally friendly raw materials, their carbon emission intensity gradually
decreases. Under the incentive of carbon tax policies, they can achieve higher profitability
levels. This result is expected to encourage more enterprises to accelerate the pace of
green transformation and promote the sustainable development of the glass manufacturing
industry and other industries.

This research, using the glass manufacturing industry as an example, evaluates the
emission reduction and profitability effects of different carbon tax models, providing
valuable empirical references for the design and implementation of carbon pricing policies.
The research results are significant not only locally but also offer reference value for other
countries and regions facing similar challenges. Through the in-depth analysis of carbon tax
policies, the insights and solutions developed can contribute to global efforts in addressing
climate change and achieving sustainable development.

6. Conclusions

This research paper has made significant contributions to the field of carbon pricing
and sustainable manufacturing by examining the impact of different carbon tax models on
the glass industry in Taiwan. By integrating activity-based costing (ABC) and the theory
of constraints (TOC) with carbon tax policies, this study provides valuable insights into
designing effective carbon pricing mechanisms that balance emission reduction goals with
industrial competitiveness.

The findings reveal that carbon tax models incorporating carbon trading and tax
allowances can create a win—-win situation for companies and the environment. These
models incentivize companies to invest in cleaner technologies and processes, leading to
reduced emissions and increased profitability. The multi-phase analysis demonstrates the
long-term benefits of adopting sustainable practices, as companies can benefit from lower
tax liabilities, additional revenue streams, and improved competitiveness over time.

The results suggest that a well-designed carbon tax system should include flexible
mechanisms like carbon trading and tax allowances to create strong incentives for emission
reduction while maintaining industrial competitiveness. This study also highlights the
potential for the glass industry to contribute to Taiwan’s “2050 Net-Zero Emission Pathway”
by adopting cleaner production methods and increasing the use of recycled materials.

Moreover, this research demonstrates the value of applying advanced costing methods
like ABC and the TOC in the context of sustainable manufacturing. By providing accurate
cost allocation and identifying production bottlenecks, these methods can help companies
optimize their operations for both environmental and economic sustainability.

Future research could expand on these findings by examining the applicability of the
proposed carbon tax models in other energy-intensive industries, such as steel, cement, or
petrochemicals. Additionally, researchers could explore the potential synergies between
carbon pricing policies and other sustainability initiatives, such as the circular economy or
renewable energy adoption.

In conclusion, the findings from our study reveal significant insights into the financial
and environmental impacts of implementing carbon pricing mechanisms within the glass
industry. Our data indicate that companies adapting early to carbon pricing, whether
through carbon taxes or emission trading systems, not only mitigate the potential costs
but also enhance their profitability substantially. For instance, the profit figures ranging
from USD 200 million to USD 700 million, as highlighted in Table 1, underscore the
economic feasibility of proactive environmental strategies, even under stringent regulatory
environments. These profits are particularly notable in scenarios where companies leverage
advanced technologies and operational efficiencies to stay competitive.

Moreover, our results demonstrate that investments in cleaner technologies and ef-
ficient processes are not merely cost-saving measures but are also significant drivers of
market competitiveness in the face of evolving environmental regulations. The profitability
enhanced by these strategic decisions supports the argument that sustainable practices are
integral to long-term business success in the glass manufacturing sector.
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Although our case studies have focused on the specific context of Taiwan, the opti-
mization models and analytical frameworks developed in this research could potentially
be adapted and applied to investigate the carbon management decisions of glass enter-
prises in other countries. Future studies could collect data on the production costs, energy
consumption, and carbon emissions of glass manufacturers in different regions and adjust
the model parameters and constraints to reflect the specific policy and market conditions
in each context. Comparative analyses across countries could yield valuable insights into
how the institutional, technological, and economic factors influence the effectiveness and
efficiency of various carbon management strategies and policy instruments. Such inter-
national comparisons could also facilitate cross-border policy learning and knowledge
sharing and inform the development of more coordinated and impactful global actions for
the low-carbon transition of the glass industry.

Author Contributions: Conceptualization, W.-H.T. and S.-C.C.; methodology, W.-H.T. and S.-C.C.;
investigation, W.-H.T., S.-C.C. and X.-Y.L.; writing—original draft, S.-C.C. and X.-Y.L.; writing—
review and editing, W.-H.T.; supervision, W.-H.T.; funding acquisition, W.-H.T.; data curation, X.-Y.L.;
formal analysis, S.-C.C. and X.-Y.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Science and Technology Council of Taiwan for the
financial support of this research under Grant No. MOST111-2410-H-008-021 and MOST112-2410-H-
008-061.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no potential conflicts of interest in this paper.

References

1.  Sengupta, P. Refractories for Glass Manufacturing. In Refractories for the Chemical Industries; Springer: Cham, Switzerland, 2020;
pp- 175-189.

2. Hubert, M. Industrial Glass Processing and Fabrication. In Springer Handbook of Glass; Musgraves, ].D., Hu, ]., Calvez, L., Eds.;
Springer: Cham, Switzerland, 2019; pp. 993-1018.

3. Edwards, K.L.; Axinte, E.; Tabacaru, L.L. A critical study of the emergence of glass and glassy metals as “green” materials.
Mater. Des. 2013, 50, 713-723. [CrossRef]

4. Boyd, D.C.; Thompson, D.A.; Vetelino, ].F.; Agarwala, V.S. Glass. In Kirk-Othmer Encyclopedia of Chemical Technology; Wiley:
Hoboken, NJ, USA, 2004; p. 12.

5. British Glass. About Glass. Available online: https://www.britglass.org.uk/about-glass (accessed on 1 January 2024).

6. Stiebert, S.; Echeverria, D.; Gass, P. Emission Omissions: Carbon Accounting Gaps in the Built Environment; International Institute for
Sustainable Development: Winnipeg, MB, Canada, 2019.

7. Nugent, D.; Sovacool, B.K. Assessing the lifecycle greenhouse gas emissions from solar PV and wind energy: A critical meta-
survey. Energy Policy 2014, 65, 229-244. [CrossRef]

8.  Mendecka, B.; Lombardji, L. Life cycle environmental impacts of wind energy technologies: A review of simplified models and
harmonization of the results. Renew. Sustain. Energy Rev. 2019, 111, 462-480. [CrossRef]

9. Vandini, M.; Chinni, T.; Fiorentino, S.; Galuskova, D.; Karikova, H. Glass production in the Middle Ages from Italy to Central
Europe: The contribution of archaeometry to the history of technology. Chem. Pap. 2018, 72, 2159-2169. [CrossRef]

10. Office of Industrial Technologies. Glass Industry of the Future: Energy and Environmental Profile of the US Glass Industry;
US Department of Energy: Washington, DC, USA, 2002.

11.  Rehren, T.; Connolly, P.; Schibille, N.; Schwarzer, H. Changes in glass consumption in Pergamon (Turkey) from Hellenistic to late
Byzantine and Islamic times. J. Archaeol. Sci. 2015, 55, 266-279. [CrossRef]

12.  Scalet, B.M.; Munoz, M.G.; Sissa, A.; Roudier, S.; Delgado, L. Best Available Techniques (BAT) Reference Document for the Manufacture
of Glass; European Commission, Joint Research Centre: Brussels, Belgium, 2013.

13. Conradt, R. Prospects and physical limits of processes and technologies in glass melting. |. Asian Ceram. Soc. 2019, 7, 377-396.
[CrossRef]

14. Nascimento, M.L.F. Brief history of the flat glass patent-Sixty years of the float process. World Pat. Inf. 2014, 38, 50-56. [CrossRef]

15. Robinius, M.; Otto, A.; Heuser, P.; Welder, L.; Syranidis, K.; Ryberg, D.S.; Grube, T.; Markewitz, P.; Peters, R.; Stolten, D. Linking
the power and transport sectors—Part 1: The principle of sector coupling. Energies 2017, 10, 956. [CrossRef]

16. Girbiiz, H.; Sohret, Y.; Akcay, H. Environmental and enviroeconomic assessment of an LPG fueled SI engine at partial load.

J. Environ. Manag. 2019, 241, 631-636. [CrossRef] [PubMed]


https://doi.org/10.1016/j.matdes.2013.03.070
https://www.britglass.org.uk/about-glass
https://doi.org/10.1016/j.enpol.2013.10.048
https://doi.org/10.1016/j.rser.2019.05.019
https://doi.org/10.1007/s11696-018-0441-7
https://doi.org/10.1016/j.jas.2014.12.025
https://doi.org/10.1080/21870764.2019.1656360
https://doi.org/10.1016/j.wpi.2014.04.006
https://doi.org/10.3390/en10070956
https://doi.org/10.1016/j.jenvman.2019.02.113
https://www.ncbi.nlm.nih.gov/pubmed/30955968

Processes 2024, 12, 1078 26 of 27

17.

18.

19.

20.

21.
22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.

39.

40.

41.

42.

43.
44.

45.

46.

Sohret, Y.; Giirbiiz, H. A comparison of gasoline, liquid petroleum gas, and hydrogen utilization in an spark ignition engine in
terms of environmental and economic indicators. J. Energy Resour. Technol. 2021, 143, 052301. [CrossRef]

Napp, T.A.; Gambhir, A.; Hills, T.P,; Florin, N.; Fennell, P.S. A review of the technologies, economics and policy instruments for
decarbonising energy-intensive manufacturing industries. Renew. Sustain. Energy Rev. 2014, 30, 616-640. [CrossRef]

Bataille, C.; Ahman, M.; Neuhoff, K.; Nilsson, L.J.; Fischedick, M.; Lechtenbchmer, S.; Solano-Rodriquez, B.; Denis-Ryan, A.;
Stiebert, S.; Waisman, H.; et al. A review of technology and policy deep decarbonization pathway options for making energy-
intensive industry production consistent with the Paris agreement. J. Clean. Prod. 2018, 187, 960-973. [CrossRef]

Wesseling, ].H.; Lechtenbohmer, S.; Ahman, M.; Nilsson, L.J.; Worrell, E.; Coenen, L. The transition of energy intensive processing
industries towards deep decarbonization: Characteristics and implications for future research. Renew. Sustain. Energy Rev. 2017,
79, 1303-1313. [CrossRef]

Hiibner, T.; Guminski, A.; Rouyrre, E.; von Roon, S. Branchensteckbrief der NE-Metallindustrie; SISD-E-1791-5; FfE: Sunnyvale, CA,
USA, 2019.

Hiibner, T.; Guminski, A.; von Roon, S.; Rouyrre, E. Branchensteckbrief der Zement- und Kalkindustrie; SISD; FfE: Sunnyvale, CA,
USA, 2019.

Schlemme, J.; Schimmel, M.; Achtelik, C. Branchensteckbrief der Eisen- und Stahlindustrie; SISD; FfE: Sunnyvale, CA, USA, 2019.
Leisin, M. Branchensteckbrief der Glasindustrie; SISD; FfE: Sunnyvale, CA, USA, 2019.

Delgado Sancho, L.; Sissa, A.Q.; Scalet, B.M.; Roudier, S.; Garcia Mufioz, M. Best Available Techniques (BAT) Reference Document for
the Manufacture of Glass Industrial Emissions Directive 2010/75/EU: Integrated Pollution Prevention and Control; Publications Office:
Luxembourg, 2013.

Schaeffer, H.A.; Langfeld, R. Werkstoff Glas: Alter Werkstoff MIT Grosser Zukunft; Springer: Berlin/Heidelberg, Germany, 2020.
Springer, C.; Hasanbeigi, A. Emerging Energy Efficiency and Carbon Dioxide Emissions-Reduction Technologies for the Glass Industry;
Lawrence Berkeley National Laboratory: Berkeley, CA, USA, 2017.

EU Emissions Trading System (ETS) Data Viewer—European Environment Agency. Available online: https://www.eea.europa.
eu/data-and-maps/dashboards/emissions-trading-viewer-1 (accessed on 24 May 2021).

VET-Bericht. Treibhausgasemissionen 2018 Emissionshandelspflichtige Stationire Anlagen und Luftverkehr in Deutschland; VET-Bericht,
DEHSt: Berlin, Germany, 2018.

Schmitz, A.; Kaminski, J.; Maria Scalet, B.; Soria, A. Energy consumption and CO, emissions of the European glass industry.
Energy Policy 2011, 39, 142-155. [CrossRef]

Hu, P; Li, Y,; Zhang, X.; Guo, Z.; Zhang, P. CO, emission from container glass in China, and emission reduction strategy analysis.
Carbon Manag. 2018, 9, 303-310. [CrossRef]

Frassine, C.; Rohde, C.; Hirzel, S. Energy Saving Options for Industrial Furnaces—The Example of the Glass Industry. ECEEE Ind.
Summer Study Proc. 2016, 467-476.

Worrell, E.; Galitsky, C.; Masanet, E.; Crijns-Graus, W. Energy efficiency improvement and cost saving opportunities for the
glass industry. In An Energy Star Guide for Energy and Plant Managers; Lawrence Berkeley National Laboratory: Berkeley, CA,
USA, 2008.

Papadogeorgos, I.; Schure, K.M. Decarbonisation Options for the Dutch Container and Tableware Glass Industry; PBL Netherlands
Environmental Assessment Agency: The Hague, The Netherlands, 2019.

Cooper, R.; Kaplan, R.S. Measure costs right: Make the right decisions. CPA J. 1988, 60, 38.

Kim, Y.-W.; Ballard, G. Activity-Based Costing and its Application to Lean Construction. In Proceedings of the 9th Annual
Conference of the International Group for Lean Construction, Singapore, 6-8 August 2001.

Tsai, W.-H. Activity-based costing model for joint products. Comput. Ind. Eng. 1996, 31, 725-729. [CrossRef]

Tsai, W.-H.; Yang, C.-H.; Chang, J.-C.; Lee, H.-L. An activity-based costing decision model for life cycle assessment in green
building projects. Eur. J. Operat. Res. 2014, 238, 607-619. [CrossRef]

Fichman, R.G.; Kemerer, C.F. Activity based costing for component-based software development. Inf. Technol. Manag. 2002, 3,
137-160. [CrossRef]

Roztocki, N. Using the Integrated Activity-Based Costing and Economic Value Added Information System for Project Management.
In Proceedings of the Seventh Americas Conference on Information Systems; AlSeL eLibrary: Atlanta, GA, USA, 2001.

AlMaryani, M.A.H.; Sadik, H.H. Strategic management accounting techniques in Romanian companies: Some survey evidence.
Procedia Econ. Financ. 2012, 3, 387-396. [CrossRef]

Almeida, A.; Cunha, J. The implementation of an Activity-Based Costing (ABC) system in a manufacturing company. Procedia
Manuf. 2017, 13, 932-939. [CrossRef]

Goldratt, EM.; Cox, J. The Goal: A Process of Ongoing Improvement; North River Press: Great Barrington, MA, USA, 1986.
Radovilsky, Z.D. A quantitative approach to estimate the size of the time buffer in the theory of constraints. Int. J. Prod. Econ.
1998, 55, 113-119. [CrossRef]

Pember, A.; Lemon, M. Measuring and Managing Environmental Sustainability: Using Activity-Based Costing/Management (ABC/M);
The Consortium for Advanced Management—International: Austin, TX, USA, 2012.

Wesumperuma, A.; Ginige, A.; Ginige, A.; Hol, A. Green activity based management (ABM) for organisations. In ACIS 2013
Proceeding; AIS eLibrary: Atlanta, GA, USA, 2013.


https://doi.org/10.1115/1.4048527
https://doi.org/10.1016/j.rser.2013.10.036
https://doi.org/10.1016/j.jclepro.2018.03.107
https://doi.org/10.1016/j.rser.2017.05.156
https://www.eea.europa.eu/data-and-maps/dashboards/emissions-trading-viewer-1
https://www.eea.europa.eu/data-and-maps/dashboards/emissions-trading-viewer-1
https://doi.org/10.1016/j.enpol.2010.09.022
https://doi.org/10.1080/17583004.2018.1457929
https://doi.org/10.1016/S0360-8352(96)00246-X
https://doi.org/10.1016/j.ejor.2014.03.024
https://doi.org/10.1023/A:1013121011308
https://doi.org/10.1016/S2212-5671(12)00169-4
https://doi.org/10.1016/j.promfg.2017.09.162
https://doi.org/10.1016/S0925-5273(97)00131-X

Processes 2024, 12, 1078 27 of 27

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Moisello, A.M. Costing for decision making: Activity-based costing vs. theory of constraints. Int. J. Knowl. Cult. Chang. Organ.
Annu. Rev. 2012, 12, 1. [CrossRef]

Jaedicke, R.K. Improving breakeven analysis by linear programming techniques. NAA Bull. 1961, 42, 5-12.

Balakrishnan, J.; Cheng, C.H. Discussion: Theory of constraints and linear programming: A re-examination. Int. ]. Prod. Res. 2000,
38, 1459-1463. [CrossRef]

Fahimnia, B.; Sarkis, ].; Choudhary, A.; Eshragh, A. Tactical supply chain planning under a carbon tax policy scheme: A case
study. Int. ]. Prod. Econ. 2015, 164, 206-215. [CrossRef]

Demeere, N.; Stouthuysen, K.; Roodhooft, F. Time-driven activity-based costing in an outpatient clinic environment: Development,
relevance and managerial impact. Health Policy 2009, 92, 296-304. [CrossRef] [PubMed]

Hsieh, C.-L.; Tsai, W.-H.; Chang, Y.-C. Green activity-based costing production decision model for recycled paper. Energies 2020,
13,2413. [CrossRef]

Schulze, M.; Seuring, S.; Ewering, C. Applying activity-based costing in a supply chain environment. Int. J. Prod. Econ. 2012, 135,
716-725. [CrossRef]

Tsai, W.-H.; Lin, W.-R; Fan, Y.-W,; Lee, P.-L.; Lin, S.-].; Hsu, J.-L. Applying a mathematical programming approach for a green
product mix decision. Int. J. Prod. Res. 2012, 50, 1171-1184. [CrossRef]

Zheng, C.W.; Abu, M.Y. Application of activity based costing for palm oil plantation. J. Mod. Manuf. Syst. Technol. 2019, 2, 1-14.
[CrossRef]

Stavropoulos, P.; Panagiotopoulou, V.C.; Papacharalampopoulos, A.; Aivaliotis, P.; Georgopoulos, D.; Smyrniotakis, K. A Frame-
work for CO, Emission Reduction in Manufacturing Industries: A Steel Industry Case. Designs 2022, 6, 22. [CrossRef]

Xu, Y.; Zhang, T.; Lv, L. Assessing Carbon Emission Reduction Potential: A Case Study of Low Carbon Demand Response
Technology in Fangshan District, Beijing. Sustainability 2024, 16, 1413. [CrossRef]

Novak Mavar, K.; Gaurina-Medimurec, N.; Hrnéevi¢, L. Significance of Enhanced Oil Recovery in Carbon Dioxide Emission
Reduction. Sustainability 2021, 13, 1800. [CrossRef]

De Souza, J.E.T.; Pacca, S.A. Carbon reduction potential and costs through circular bioeconomy in the Brazilian steel industry.
Resour. Conserv. Recycl. 2021, 169, 105517. [CrossRef]

Felicio, L.; Henriques, S.T.; Guevara, Z.; Sousa, T. From electrification to decarbonization: Insights from Portugal’s experience
(1960-2016). Renew. Sustain. Energy Rev. 2024, 198, 114419. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.18848/1447-9524/CGP/v12/50968
https://doi.org/10.1080/002075400188951
https://doi.org/10.1016/j.ijpe.2014.12.015
https://doi.org/10.1016/j.healthpol.2009.05.003
https://www.ncbi.nlm.nih.gov/pubmed/19505741
https://doi.org/10.3390/en13102413
https://doi.org/10.1016/j.ijpe.2011.10.005
https://doi.org/10.1080/00207543.2011.555429
https://doi.org/10.15282/jmmst.v2i1.1796
https://doi.org/10.3390/designs6020022
https://doi.org/10.3390/su16041413
https://doi.org/10.3390/su13041800
https://doi.org/10.1016/j.resconrec.2021.105517
https://doi.org/10.1016/j.rser.2024.114419

	Introduction 
	Background and Literature 
	Background 
	Activity-Based Costing and Theory of Constraints 
	Emission Reduction-Contributing Industries 

	Materials and Methods 
	Glass Industry Production Process 
	Research Hypothesis 
	Basic Production Model 
	General Formula of Objective Function 
	Direct Material Cost Function 
	Direct Labor Cost Function 
	Material Handling Costs 
	Batch Level Job—Set Job Cost Function 
	Machine Hour Limit 

	Carbon Tax Cost Function 
	Discontinuous Carbon Tax Cost Function 
	Discontinuous Carbon Tax Cost Function of Carbon-Containing Rights 
	Discontinuous Carbon Tax Cost Function with Allowance 
	Discontinuous Carbon Tax Cost Function of Carbon Rights and Tax Allowances 


	Model Research Results and Analysis 
	Model Data Assumptions 
	The Optimal Solution and Analysis of the Model 

	Discussion 
	Conclusions 
	References

