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Abstract: Rising carbon emissions are linked to the increase in global temperature, because of
increasing human activities and increasing greenhouse gas emissions. Since manufacturing is one
of the most carbon intensive sectors, it is vital to suggest solutions that lead to carbon emission
reduction in all sectors, among which is the steelmaking manufacturing sector. The present study
focuses on presenting a framework for energy intensive industries introducing digitalization and
energy efficient equipment in the production line. The current framework proposes different metrics,
both from carbon emissions and cost viewpoints. A secondary steelmaking industry was used as
a case study, showcasing the impact of digitalization and energy efficient equipment towards the
reduction of carbon emissions. In addition, different metrics were calculated with energy efficient
scenarios providing the lowest energy consumption metric, but their high purchasing costs make
these scenarios less attractive. However, if carbon emission reduction per cost is the metric, a
combination of digital tools and energy efficient equipment is the answer to the company’s needs.
Applying the concepts of innovation absorption and digitalization, the number of alternatives is
kept low, however, the impact on the line is quite large. The introduction of new technologies is also
supported by training of the workforce, aligning the framework with current industrial trends.

Keywords: carbon emissions; carbon footprint; digitalization; energy efficiency; greener steel

1. Introduction

Increasing global temperature is linked to high greenhouse gas emissions due to
human activities. Carbon dioxide is the gas with the highest concentration; hence, it is
used to calculate carbon footprint, a metric used to quantify the environmental impact
of products, services, infrastructures or even individuals [1,2]. The EU Commission is
supporting the transition towards clean production via the Green Deal strategy [3] which
outlines the medium-term goals (until 2030) and long-term goals (2050), in order for Europe
to become the first climate-neutral continent by 2050. In the European industrial sector,
the top three sectors in terms of their contribution to energy consumption and carbon
emissions are: iron and steel (22%), refineries (19%), and cement (18%) [4]. Applying EU
policies and carbon decreasing technologies, emissions dropped by 40% in the iron and
steel sector between 1990 and 2018, with carbon emissions in cement decreasing by 30%
and 5% in refineries [4]. The European steel industry accounted for 7% of verified emissions
of non-mobile installations within EU. The greatest contributor is primary steelmaking
which is based on the use of ore and refers to 60% of steel production. The secondary route
is using scrap metals and results in fewer carbon emissions, hence, there is a shift from the
primary to secondary route. This shift along with technological improvements has led to a
reduction of the sector emissions by 25–30% compared to the 2010 values [5].
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The Fourth Industrial Revolution (from now on referred to as Industry 4.0) focuses on
the digital transformation of the manufacturing and industrial sector. The main attributes
of Industry 4.0 are the automation of the production line and the development of cyber-
physical systems with ability for communication and interaction between the physical
and the cyber components. Industry 4.0 approaches have already been implemented in
manufacturing settings, either in case examples [6] or in developing modeling methods
and virtual technologies [7], such as Internet of Things, big data analytics, smart and cloud-
based manufacturing [8]. A variety of technologies have been identified that will further
decrease the carbon footprint and these are divided into two groups: (a) technologies
that reduce the carbon emissions of current processes, via improving energy efficiency,
electrification, use of renewable sources such as biomass and deep geothermal energy, and
carbon capture and storage; (b) new production pathways with a lower carbon footprint
via carbon capture and utilization, process intensification and circular economy.

Human integration in the manufacturing processes is a critical aspect of Industry 4.0,
in order to continuously improve and focus on value adding industries and eliminating
wastes within the concept of Industry 4.0. Digitalization is estimated to lead to a 32%
productivity increase until 2025 [9]. This increase is linked to an improved data collection,
distribution, analysis, and usage [10–13]. This social aspect of Industry 4.0 is integrated
into Industry 5.0, where the use of technology targets the return of added human value to
manufacturing, going from a digital manufacturing era to a digital society era [14].

Green manufacturing is defined as the effort to reduce the environmental impact of
human activities, and to create a more resource efficient and competitive economy [15,16].
This is feasible via integrating technological advancements in current manufacturing prac-
tices, while following an action plan that aims at a better use of resources, within the context
of carbon neutrality, circularity, and restoration of biodiversity. Carbon neutrality refers to
the lowering of carbon emissions until the EU becomes the first continent with zero carbon
emissions by 2050, as determined by Green Deal. Circularity, on the other hand, invests
in recycling materials, in order to decrease the extraction of raw materials. Last but not
least, restoration of biodiversity is a direct result of introducing environmentally friendly
approaches and by respecting the ecosystem and the environment in general. Green man-
ufacturing is not only investing in environmentally sustainable technologies, supporting
innovative solutions in industry, decarbonization, and cross-sectoral collaboration, but also
aims to use resources in closed-loop systems to minimize pollution and carbon footprint
and to address resource leakage through the sustainable economic growth. The transition
towards circular economy involves the implementation of systematic approaches and
policies at a regional level and performing practice-based business development with a
long-term perspective. Some of the digital tools that support technology metamodeling
are Life Cycle Analysis (LCA), Industrial Symbiosis, Circularity Performance Assessment,
and new business models evaluation. There are also other aspects of manufacturing, such
as sustainable manufacturing, e.g., process planning and scheduling, or remanufactur-
ing/recycling, where quality criteria are used in digital optimization tools. The social and
humanitarian aspects of green manufacturing consist of digital tools that support green
customization and social awareness, considering regions and people, with private and pub-
lic stakeholders, and raising awareness of the citizens towards sustainability. The energy
demand of the industrial sector accounts for 25% of the entire EU energy demand [17].
Bearing in mind that energy consumption contributes up to 73.2% of the global greenhouse
gas emissions [18] and that one of the main contributors is the industrial sector [19], it is
clear that a decrease in energy consumption and carbon emissions in manufacturing will
have a large impact on the overall reduction in carbon emissions in the EU.

Examples of ways to reduce the carbon emissions by using available technologies
were presented by the EU Commission [4]. Namely, more scrap recycling is a manifestation
of circular economy in action, while in terms of electrification, use of an electric arc furnace
or electrolysis of iron ore are potential ways to decrease the carbon footprint. There are also
options to use carbon storage solutions, or use alternative power sources, such as hydrogen
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or biomass. The combination of different measures can reduce the emissions of the sector
by 75%. A roadmap commissioned by the steel industry predicted reductions ranging from
10% to 36% by 2050 compared to 2015 [20], without any use of carbon capture or storage
techniques. When these technologies are successfully implemented, the carbon emissions
will be further reduced. In parallel, the secondary steelmaking route is expected to increase
its share up to 85% by 2050 [20], leading to an additional reduction in carbon emissions of
the steel industry sector. According to WEF, investment in digital technologies is necessary
for the mining and metal community, for the industry to remain relevant, competitive, and
sustainable, to create cross-industrial partnerships with other industries, and to engage in
public–private collaborations [21].

In the literature, there are frameworks for energy consumption reduction in sheet metal
forming [22] or manufacturing scheduling strategies, with the most important parameters
being power load, energy consumption, and environmental impact for modeling the flow
shop scheduling problem [23]. With the use of IoT, the model aims to increase the visibility
and awareness of energy consumption, using smart sensors and meters at both machine
and production line levels. Real-time energy consumption data from MFG processes can
be easily collected and analyzed to improve decision making. This framework supports the
integration of already collected energy data into company databases and software solutions.
In this way, the framework highlights which data should be used as decision-making
parameters to improve energy efficiency, and the competitiveness of the companies. Within
the company infrastructure, energy managers can use this framework, to address those
energy management practices that are more aligned with company maturity, measurable
data, and available information systems and tools [24].

A more realistic workshop model known as ultra-flexible job shop (uFJS)-sequence can
be altered adding certain constraints, in order to formulate this energy-efficient scheduling
problem. The basis of the model includes a mixed integer linear programming model, to
address large-sized problems, followed by proposing a genetic algorithm (GA). The imple-
mentation of the modeling approach led to numerical results showing that the proposed
solution was effective and efficient. Adding flexibility into the operation sequencing, the
uFJS includes process planning and scheduling, thus providing more information and
more energy-efficient solutions. Therefore, the approach provides an ideal platform for
decision-makers when developing energy-efficient techniques and strategies [23]. Most
frameworks in the literature are problem-based, focusing on a specific product/process
and addressing a well-defined need, e.g., improving the energy efficiency of the process. In
this way, each framework was developed to fit a specific problem, and cannot be adapted
in other processes or production lines. Therefore, there is no generalized approach that can
be easily applied to a variety of cases.

This paper aims to formulate a general framework for decreasing the carbon emissions
in manufacturing, by identifying the carbon intensive parts and implementing concepts
from Industry 4.0 that can be easily introduced in the industrial setting, despite the type or
category of industry. The example of a steelmaking factory is used to showcase the applica-
bility of the framework, since it is considered one of the most energy-intensive industries.

2. Approach

The hierarchical approach in manufacturing, as indicated in the Figure 1, is highly
useful for the current case. Any entity can be studied under this framework, as well as
the interactions between the entities. Process-level is the lowest level, however, in reality
it cannot be decoupled from the machine itself since the process mechanism involves
specific delivery from the machine modules. Additionally, the Cyber–Physical System
concept interrelates machines into a production line and they interact with the whole
factory through the Industry 4.0 or even the Industry 5.0 concept.



Designs 2022, 6, 22 4 of 22Designs 2022, 6, x FOR PEER REVIEW 4 of 24 
 

 

 
Figure 1. Schematic representation of the steps (blue box) within the production line (grey box) that 
have been identified, along with list of inputs (orange box) and outputs (yellow box). Outside the 
production line, the framework identifies which concepts from Industry 4.0 and green manufactur-
ing (left, green box) should be introduced and how they will impact on the carbon footprint (right, 
green box) once they have been introduced in the production. 

As a matter of fact, this has been devised for the case of discrete manufacturing, how-
ever, it seems that it can be generalized (Figure 2); metrics, either per part, or per spatial 
unit, can be unified utilizing the concept of production rate. Thus, temporal rates of met-
rics can be used instead. 

Furthermore, there is a plethora of sustainability metrics that predate the Green Deal, 
such as Triple ‘P’ Sustainability [23]. These can all be used under the prism of intercon-
nected subsystems implied above and the cascaded Key Performance Indicators (KPIs) 
[24]. Furthermore, the use of local changes renders the optimization feasible and imple-
mentable; the theoretical background behind this could be considered to be the concept 
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Figure 1. Schematic representation of the steps (blue box) within the production line (grey box) that
have been identified, along with list of inputs (orange box) and outputs (yellow box). Outside the
production line, the framework identifies which concepts from Industry 4.0 and green manufacturing
(left, green box) should be introduced and how they will impact on the carbon footprint (right, green
box) once they have been introduced in the production.

As a matter of fact, this has been devised for the case of discrete manufacturing,
however, it seems that it can be generalized (Figure 2); metrics, either per part, or per
spatial unit, can be unified utilizing the concept of production rate. Thus, temporal rates of
metrics can be used instead.

Furthermore, there is a plethora of sustainability metrics that predate the Green
Deal, such as Triple ‘P’ Sustainability [23]. These can all be used under the prism of
interconnected subsystems implied above and the cascaded Key Performance Indicators
(KPIs) [24]. Furthermore, the use of local changes renders the optimization feasible and
implementable; the theoretical background behind this could be considered to be the
concept of the optimal substructure [25,26] and the application of Bellman’s principle
of optimality [27]. Finally, it is worth mentioning that the Pareto-optimality is applied
at its best in similar cases [28] as the feasibility of a solution can be used to justify the
integration of the “invasiveness” of an alternative scenario. In the same sense, a modified
version of the 80-20 rule [29] can be integrated under the framework of feeding the discrete
optimization algorithm with engineers’ knowledge and transforming it into a heuristic
algorithm towards faster execution.

As seen in Figure 2, the next step is the definition of steps and processes that are
included in the framework calculation. The different steps, inputs and outputs in each
part of the process and production are defined in this step. A Life Cycle Analysis (LCA)
can provide a detailed description of all steps and is used in many approaches. Life Cycle
Assessment is a standardized methodology that quantifies the potential environmental
impacts of manufacturing at the level of a product or a system, taking into consideration
the different steps of the development of the product, from extraction of raw materials,
transport, production, assembly, to use and end-of-life treatment. This allows for an
in-depth description of the environmental performance of the system to support decision-
making processes. It is important to define the boundaries of the system in question, since
the carbon emissions of transporting materials to and from the industry, the production
of raw materials, or the disposal of waste can largely contribute to the carbon footprint of
the product [1,30–32]. Most studies restrict the system to the physical environment of the
factory, hence, transport to/from the site, production or disposal are excluded from the
calculation of the carbon footprint.

It is equally important to define the objectives of the application example, in other
words to describe what goals in each case study are because of the different needs and
aspirations of each company. Some companies are more interested in becoming green
manufacturers, by improving their energy efficiency or even switching to renewable sources,
while others are more interested in maintaining the product cost at the same levels.
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Figure 2. Flowchart of the framework.

Once all steps of the production line have been identified, it is critical to identify
which parts/steps require improvement. The steps and processes that are the most energy-
intensive and/or with the highest carbon emissions will then be identified. The concepts
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from Industry 4.0 and green manufacturing that are relevant to the case and are applicable
will be listed, to provide solutions both from the digitalization aspect and the energy-
efficient point of view. A description of the concepts of Industry 4.0 that can be used in each
part/step is provided and rated according to how easily it is applied and what alterations
need to be done prior to their integration. Fundamental concepts from Industry 4.0 [33] are
as follows:

• Smart Factory: sensors, actors, and autonomous systems will be implemented in MFG.
“Smart technology” includes digital models of products and factories (digital factory)
and uses various technologies of computing.

• Cyber Physical Systems: where the physical systems are modeled and a cyber model
has been developed. At a production level, new systems are developed with both
aspects including physical and digital representation which cannot be distinguished.

• Self-organization: decentralization as a new aspect of MFG systems is accompanied
by a decomposition of classic production hierarchy.

• New systems in the development in distribution and procurement: distribution will
become individualized and processes will be handled via using different channels.

• New systems in the development of products and services: product and service
development will be individualized.

• Adaptation to human needs: new approaches should follow and adapt to human
needs instead of the reverse.

• Social responsibility on the corporate level: sustainability and resource-efficiency are
the new focus of the design of industrial MFG processes.

Energy consumption and carbon emissions are calculated for the reference case and the
different solutions, followed by the cost calculation. The costs include capital expenditure,
operational expenditure, end of life/disposal cost, and carbon emission related penalties
before the introduction of new solutions (reference case) and after the new solutions (digital
or energy efficient scenarios). The company needs to define its goals and metrics to adapt
the new technologies, whether that is the ultimate reduction of carbon emissions, or the
lowest ratio of carbon emissions per required cost. This will help them to determine what
scenario aligns with the company’s vision. Similarly, the relevant concepts from Green
Deal, Carbon Neutral Economy, and Circular Economy should be listed and rated for their
applicability in each part/step.

In each step, concepts from both Industry 4.0 and green manufacturing should be
merged and used to determine what criteria from the list will be used. Criteria for the
selection of the concepts are as follows: (1) the maturity of the solution, e.g., is it still at
research level or is there a product available in the market? (2) is it preferable to go for an
energy efficiency approach or for a digitalized methodology? (3) if there is no available
market ready solution, is it possible to initiate industry–academia collaboration to make
this product? Once the concepts are identified, a list of the software and hardware solutions
will be made, to provide information about their aim and impact on the production line.

The next steps include the introduction of the new concepts in the production line, but
also to ensure the sustainability of the new solutions by training the workforce and support
the company applying concepts from Education 4.0 and Teaching Factories.

3. Case Study

The case example that will illustrate the applicability of the abovementioned frame-
work is a secondary steelmaking industry in Europe. Scrap material is transferred to the
site and categorized, melted in the meltshop using an electric arc furnace (EAF), then rolled
in round bars of specific dimensions in the rolling mill and further post-processed to ensure
the optimal characteristics of the steel bars.

It seems that sustainability can be achieved through optimization. Under the concept
of Industry 4.0, various Key Enabling Technologies (KETs) can be used to this end. A
quick recap can bring into spotlight two of them, under the use of which the others can
be considered auxiliary. Namely, the two important KETs are integration and Digital
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Twin, corresponding to hardware and software changes, respectively, for each one of the
manufacturing stations, regardless of the production being discrete or continuous.

3.1. Define Steps and Processes Involved

In this case example, the boundaries of the system coincide with the physical bound-
aries of the factory, meaning that production, disposal and transport of materials are not
taken into consideration. There are four main stages in the production of steel bars:

1. Scrap yard, where the material is collected prior to melting.
2. Melt shop, where the scrap material is melted.
3. Rolling mill, where the melted steel takes the form of rolling bars.
4. Downstream processing, where steel products obtain their finished properties.

3.2. Identify Carbon Intensive Steps

The most energy demanding and carbon intensive stages are the meltshop, the rolling
mill, and the downstream processing. In detail, the meltshop includes an EAF that con-
sumes a significant amount of energy in order to reach the melting temperature of the scrap
material. In the rolling mill, the highest energy demand is from the reheating furnace that
is used for the melted steel to reach the optimal temperature for the rolling, in a homoge-
neous way that does not create scales on the roller’s surface. A furnace also exists in the
downstream processing for the final processing of the rolling bars. Therefore, the energy
consumption and carbon emissions are linked to the heating of the metal components and
the operation of different furnaces along the production line. These furnaces either use
natural gas or electrical energy from the national grid to operate, but still both energy
sources have a high environmental impact.

The company of the case example was interested in lowering the carbon emissions of
its facilities, but most importantly, it was interested in lowering the consumption of natural
gas. The reduction of electrical energy consumption was not a priority since renewable
sources can be used in the future to move from national grid usage to local solar or biomass
energy generation.

3.3. Highlight the Applicable Concepts from Industry 4.0 and Green MFG

Digitalization offers the possibility of control over the production of steel, in terms of
identifying the needed melting temperature for both the scrap material available and the
final product requirements. It provides real-time information regarding the progress of the
production, which can be used to simulate what-if scenarios and re-adapt the processes to
ensure that the requested steel bar is produced.

Despite the scrap yard not being an energy intensive step or cause for carbon emissions,
the quality of the scrap material affects the melting temperature, melting time and safety in
the EAF of the meltshop. Therefore, it was considered critical to improve the identification
and classification of scrap material prior to their transport to the melt shop. Software
for automated identification and classification will be developed, processing images of
the scrap material and categorizing the scrap using artificial intelligence and machine
learning. The software will go through a training phase to be able to identify the purity,
shape and concentration of the material, while also having the ability to retrain itself as
needed. However, circularity concepts are introduced in the meltshop, where recycled
scrap material is used. In the meltshop, a digital twin of the EAF will be developed, which
will collect data from the EAF, run what-if scenarios to predict the outcome and provide
information back to the EAF. Sensors will be added to the EAF, in addition to the ones
already existing if required. The energy efficient scenario involves purchasing an energy
efficient EAF.

Revamping of the rolling mill will take place to improve the energy efficiency of this
stage, as the equipment there is already based on electrical energy. In the downstream
processing, an induction furnace will be placed, to decrease the consumption of natural
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gas, but also boost the efficiency of the process since the induction furnace provides more
homogeneous heating of the material.

In all solutions, both energy efficient and digital tools, the aim will be to reduce energy
consumption and carbon emissions significantly, aligning with Green Deal and Carbon
Neutral Economy.

3.4. Description of Scenarios

The impact of the use of the AI in the scrap yard cannot be quantified prior to its
implementation in the production line, hence it was taken out of the calculations in this
paper. The focus will be the use of digital tools or the purchase of energy efficient equipment
in the meltshop, for the preheating ladles or for the EAF, the rolling mill and the ball mill,
for the furnace.

Since there are two options per energy intensive equipment, either via use of digital
tools or via purchasing of energy efficient equipment, and the number of energy intensive
parts is four, (1) meltshop burners, (2) meltshop EAF, (3) rolling mill and (4) ball mill, the
number of scenarios will be 16. This was calculated considering all possible combinations,
from scenarios with all steps being digitalized or using energy efficient equipment to
scenarios with all possible combinations of digital tools and energy efficient equipment
substitution (Table 1).

Table 1. Description of different scenarios, combining digital tools and energy efficient solutions as
per different parts of the steelmaking process.

Scenario # Meltshop
Burners Meltshop EAF Rolling Mill Ball Mill

1 DT DT DT DT
2 DT DT DT EE
3 DT DT EE DT
4 DT EE DT DT
5 EE DT DT DT
6 DT DT EE EE
7 DT EE DT EE
8 DT EE EE DT
9 EE DT EE DT
10 EE EE DT DT
11 EE DT DT EE
12 DT EE EE EE
13 EE DT EE EE
14 EE EE DT EE
15 EE EE EE DT
16 EE EE EE EE

4. Results
4.1. Calculate Carbon Emissions before and after Interventions

The calculations for energy consumption and fuel consumption were performed using
annual values from the steelmaking industry (Table 2). The annual fuel consumption was
given in Nm3 for the natural gas for all equipment and in kg for the anthracite consump-
tion of the EAF. The energy consumption was calculated based on the fuel consumption,
with the coefficient for the natural gas being 11 kWh/Nm3 and for the anthracite being
9.234 kWh/kg. The carbon emissions were calculated based on the fuel consumption with
the coefficient for the natural gas being 0.0019 tons e-CO2/Nm3 of natural gas and the
coefficient for the anthracite being 0.0029 e-CO2/kg of anthracite.
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Table 2. Reference values.

Part Fuel Fuel Consumption (Nm3 for
Natural Gas, kg for Anthracite)

Energy
Consumption (kWh) CO2 Emissions (ton eCO2)

Meltshop
burners Natural gas 4,392,830 48,321,130 8346.377

Meltshop EAF Natural gas 2,109,330 23,202,630 4007.727
Anthracite 4,176,000 38,561,184 12,110.4

Rolling mill Natural gas 13,598,920 149,588,120 25,837.948

Ball mill Natural gas 3,858,660 42,445,260 7331.454

In terms of fuel consumption, rolling mill has the highest consumption of natural
gas (13,598,920 Nm3), followed by the meltshop burners (4,392,830 Nm3), the ball mill
(3,858,660 Nm3) and the EAF in the meltshop (2,109,330 Nm3). The consumption of an-
thracite by the EAF at the meltshop was calculated as 4,176,000 kg. The energy consumption
was then calculated, with 149,588,120 kWh at the rolling mill per year, 48,321,130 kWh
at the meltshop burners, 42,445,260 kWh at the ball mill, while at the EAF the energy
consumption was calculated as 23,202,630 kWh for the natural gas and 38,561,184 for the
anthracite. The carbon emissions per stage were found to be, in order from highest to
lowest, 25,837.948 tons eCO2 at the rolling mill, 8346.377 tons eCO2 from the meltshop
burners, 7331.454 tons eCO2 at the ball mill. The carbon emissions from the meltshop EAF
account for 16,118.127 tons eCO2, with 25% coming from the natural gas consumption,
while the rest (75%) originates from the anthracite.

Similar calculations were performed for the case of digitalization of the energy inten-
sive steps (Table 3) and for the case of purchasing energy efficient equipment (Table 4). For
the digital tools case, fuel consumption, energy consumption and carbon emissions were
reduced by 15% compared to the reference case [34], while energy efficiency resulted in
25% reduction in values compared to the reference case [35].

Table 3. Values for the digital tool solution cases.

Fuel Amount of Fuel
(Nm3 or kg)

Energy
Consumed (kWh)

CO2 Emissions
(ton eCO2)

Meltshop
burners Natural gas 3,733,905.5 41,072,960.5 7094.42045

Meltshop EAF Natural gas 1,792,930.5 19,722,235.5 3406.56795

Meltshop EAF Anthracite 3,549,600 32,777,006.4 10,293.84

Rolling mill Natural gas 11,559,082 127,149,902 21,962.2558

Ball mill Natural gas 3,279,861 36,078,471 6231.7359

Table 4. Values for the energy efficient solution cases.

Fuel Amount of Fuel
(Nm3 or kg)

Energy
Consumed (kWh)

CO2 Emissions
(ton eCO2)

Meltshop
burners Natural gas 3,294,622.5 36,240,848 6259.7828

Meltshop EAF Natural gas 1,581,997.5 17,401,973 3005.7953

Meltshop EAF Anthracite 3,132,000 28,920,888 9082.8

Rolling mill Natural gas 10,199,190 112,191,090 19,378.461

Ball mill Natural gas 2,893,995 31,833,945 5498.5905

4.2. Calculate Costs per Capital Expenditure, Operational Expenditure, End of Life/Disposal and
Carbon Emission Related Penalties

Based on a recently published framework [36], the cost of an investment consists of
costs related to capital expenditure, costs related to operational expenditure, costs from
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end of life or disposal management and costs from penalties due to carbon emissions. The
cost for the reference scenario is summarized in Table 5, for the digital tools solutions in
Table 6 and for the energy efficient solutions in Table 7. The full calculation can be found in
the Appendices A and B.

Table 5. Cost for the reference scenario in euros.

Meltshop Ladles Meltshop EAF Rolling Mill Ball Mill

Total Capital
Expenditure (EUR) 0 0 0 0

Total Operational
Expenditure (EUR) 37,613.6508 18,456.0257 116,440.888 33,039.8148

Total Carbon
Emission Related

Costs (EUR)
467,397.112 902,615.112 1,446,925.09 410,561.424

Table 6. Costs for digital tool solutions in euros.

Meltshop Ladles Meltshop EAF Rolling Mill Ball Mill

Total Capital
Expenditure (EUR) 746,328.329 746,328.329 746,328.329 746,328.329

Total Operational
Expenditure (EUR) 1,145,935.6 655,136.791 3,547,482.27 1,145,935.6

Total Carbon
Emission Related

Costs (EUR)
397,287.545 767,222.845 1,229,886.32 348,977.21

Table 7. Costs for energy efficient solutions.

Meltshop Ladles Meltshop EAF Rolling Mill Ball Mill

Total Capital
Expenditure (EUR) 376,328.329 1,046,328.33 3,646,328.33 2,246,328.33

Total Operational
Expenditure (EUR) 1,011,119.65 578,061.874 3,130,131.41 888,167.066

Total Carbon
Emission Related

Costs (EUR)
350,547.834 676,961.334 1,085,193.82 307,921.068

4.3. Company’s Objectives

The highest reduction in carbon emissions may be the starting aim for the company to
restructure its production line and to introduce new technologies, but it is not always the
driving force for changes. Integration of new technologies requires resources for the capital
expenditure to begin with, however, new equipment may also require additional costs
for their operation. On the other hand, both digital tools and energy efficient equipment
consume less fuel resulting in lower cost regarding the carbon emissions trade system.

Therefore, new metrics such as the following, were calculated (both in absolute values
and percentage reduction when compared to the relevant reference value):

1. Carbon emissions.
2. Carbon emissions per fuel consumption.
3. Carbon emissions per capital expenditure.
4. Carbon emissions per operational expenditure.
5. Carbon emissions per cost for emissions trade system.
6. Carbon emissions per total cost.

The results can be found in Table 8, with green highlighting the highest reduction and
yellow either the lowest reduction or the highest increase (negative values). Regarding
carbon emissions, the highest reduction can be found in scenario 16 (25%) where only
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energy-efficient equipment is used, in contrast to the all-digital-tool scenario 1 where the
reduction in carbon emissions is calculated at 15%. Figures 3 and 4 present the relevant
radar charts for percentages and absolute values, respectively, divided into four different
cases following the values of Table 8; (a) scenarios using only digital tools (Scenario 1) or
only energy efficient approaches (Scenario 16); (b) scenarios using digital tools in three
out of the four cases and energy efficient equipment in the fourth (Scenarios 2, 3, 4 and 5);
(c) scenarios equally implementing digital and energy efficient solutions (Scenarios 6, 7,
8, 9, 10 and 11); (d) scenarios where energy efficient equipment is the dominant approach
(Scenarios 12, 13, 14 and 15).

Table 8. Absolute values and percentages when compared to the respective values from the reference
scenario for all scenarios, starting from carbon emissions in tons, carbon emissions per cost of
fuel consumption, carbon emissions per capital expenditure, carbon emissions per operational
expenditure, carbon emissions per cost of the defined emissions trade system and carbon emissions
per total cost.

Scenario CO2 (tons) % CO2
CO2/Cost of

Fuel
% CO2/Cost

of Fuel
CO2/Capital
Expenditure

CO2/Operational
Expenditure

% CO2/Operational
Expenditure CO2/ETS % CO2/ETS CO2/Total

Cost
% CO2/Total

Cost

1 48989 15.00 0.00771 0.00 0.01641 0.00771 0.00 0.01786 0.00 0.00405 24.71
2 482556 16.27 0.00774 −0.37 0.01076 0.00774 −0.37 0.01786 0.00 0.00360 33.24
3 46405 19.48 0.00782 −1.38 0.00788 0.00782 −1.38 0.01786 0.00 0.00322 40.24
4 47377 17.80 0.00755 2.10 0.01442 0.00755 2.10 0.01786 0.00 0.00388 27.97
5 48154 16.45 0.00774 −0.43 0.01841 0.00774 −0.43 0.01786 0.00 0.00418 22.45
6 45672 20.76 0.00785 −1.81 0.00618 0.00785 −1.81% 0.01786 0.00 0.00289 46.19
7 46644 19.07 0.00757 1.76 0.00975 0.00757 1.76 0.01786 0.00 0.00344 36.10
8 44793 22.28 0.00764 0.85 0.00724 0.00764 0.85 0.01786 0.00 0.00308 42.84
9 45570 20.93 0.00785 −1.87 0.00826 0.00785 −1.87 0.01786 0.00 0.00329 38.98
10 46542 19.24 0.00758 1.72 0.01597 0.00758 1.72 0.01786 0.00 0.00399 25.90
11 47421 17.72 0.00777 −0.82 0.01152 0.00777 −0.82 0.01786 0.00 0.00368 31.58
12 44060 23.55 0.00767 0.46 0.00573 0.00767 0.46 0.01786 0.00 0.00277 48.52
13 44837 22.20 0.00789 −2.32 0.00639 0.00789 −2.32 0.01786 0.00 0.00295 45.25
14 45809 20.52 0.00760 1.36 0.01038 0.00760 1.36 0.01786 0.00 0.00352 34.58
15 43959 23.73 0.00768 0.41 0.00756 0.00768 0.41 0.01786 0.00 0.00314 41.70
16 43225 25.00 0.00771 0.00 0.00591 0.00771 0.00 0.01786 0.00 0.00282 47.68
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Figure 3. Radar charts for the percentage differences between the scenarios and the reference case, 
for carbon emissions, carbon emissions per cost of fuel, carbon emissions per operational expendi-
ture and carbon emissions per total cost, with (a) scenarios using only digital tools (Scenario 1) or 
only energy efficient approaches (Scenario 16); (b) scenarios using digital tools in three out of the 
four cases and energy efficient equipment in the fourth (Scenarios 2, 3, 4 and 5); (c) scenarios equally 
implementing digital and energy efficient solutions (Scenarios 6, 7, 8, 9, 10 and 11); (d) scenarios 
where energy efficient equipment is the dominant approach (Scenarios 12, 13, 14 and 15). 

 

Figure 3. Radar charts for the percentage differences between the scenarios and the reference case,
for carbon emissions, carbon emissions per cost of fuel, carbon emissions per operational expenditure
and carbon emissions per total cost, with (a) scenarios using only digital tools (Scenario 1) or only
energy efficient approaches (Scenario 16); (b) scenarios using digital tools in three out of the four
cases and energy efficient equipment in the fourth (Scenarios 2, 3, 4 and 5); (c) scenarios equally
implementing digital and energy efficient solutions (Scenarios 6, 7, 8, 9, 10 and 11); (d) scenarios
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implementing digital and energy efficient solutions (Scenarios 6, 7, 8, 9, 10 and 11); (d) scenarios 
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energy efficient approaches (Scenario 16); (b) scenarios using digital tools in three out of the four
cases and energy efficient equipment in the fourth (Scenarios 2, 3, 4 and 5); (c) scenarios equally
implementing digital and energy efficient solutions (Scenarios 6, 7, 8, 9, 10 and 11); (d) scenarios
where energy efficient equipment is the dominant approach (Scenarios 12, 13, 14 and 15).

When calculating the ratio between carbon emissions and cost of fuel consumption,
some scenarios resulted in increased ratios (negative values for the percentages) and some
scenarios in decreased ratios (positive values for the percentages). The highest reduction
was found in scenario 4 (2.10%), a mix of digital tools and energy efficient solutions, with
digitalization occurring in all steps apart from the meltshop EAF, while the highest increase
was found in scenario 13 (−2.32%), another mix of digital tools and energy efficient solution,
with digitalization only occurring in meltshop EAF. This is because the meltshop accounts
for 3.8% of the carbon emissions, while it consumes both natural gas and anthracite which
have different factors for fuel consumption and energy consumption calculation. The same
scenarios were present in the ratio of carbon emissions per operational cost, since in the
present case study the operational cost only included cost of fuel consumption.

Since the cost of the emission trading system is proportional to the carbon emissions,
this metric shows no difference in its percentage representation. On the other hand, when
the denominator of the metric is the total cost, this is when the changes are most obvious,
ranging from 22.45% (scenario 5) to 48.52% (scenario 12), both of those are mixed scenarios.
Scenario 5 includes mostly digital solutions, apart from purchasing energy efficient burners,
while scenario 12 includes mostly energy efficient equipment, apart from digitalizing the
meltshop burners. The meltshop burners have low carbon emissions, while the total cost
for its digitalization is one of the lowest, and the total cost for the energy efficient ladles is
the lowest.

4.4. Define Which Scenario Is Most Convenient for the Company’s Objectives and Introduce New
Concepts in the Production Line

Once the ideal scenario for the company has been identified, the company moves into
identifying the resources required for the purchasing of new equipment or the digitalization
of the production steps. The introduction of the new concepts in the production line
will take place gradually, followed by a trial period until all new installations are in
full production.

4.5. Ensure Sustainability of the New Concepts in Training Workforce and Support Industry

The industrial workers will require training and support to familiarize themselves
with the new concepts, but also be able to operate the new equipment and technologies. In
addition, the workforce will require support maintaining and addressing any issues arising
during usage of the new technologies and equipment. An innovative concept of training
is the Teaching Factory, a tailormade educational approach from knowledge providers to
industry based on their specific needs. In addition, most companies provide post-sales
support for their equipment.

5. Discussion

The framework was applied in the case of a secondary steelmaking industry, where
solutions based on digital tools and/or energy efficient equipment were used to calculate
carbon emissions reduction. However, the cost of introducing new technologies is signifi-
cant, therefore, capital expenditure, operational expenditure, cost of end-of-life and cost of
carbon emissions penalties were also calculated. This provided the opportunity to develop
new metrics that include both carbon emissions and costs, to help the company identify
which scenario best suits their goals and needs. This is why a combination of both energy
efficient and digital tools was the ideal scenario for almost all objectives, apart from when
pure carbon emissions was the goal (energy-efficient equipment only).
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The strength of this framework is its applicability regardless of the industrial sector, the
type of process (discrete or continuous) and the objectives of the company. The framework
is based on identifying the carbon intensive parts of its production line and calculating
the related carbon emissions based on the energy consumed for their operation. Then, the
concepts from Industry 4.0 and green manufacturing that are applicable to the specific case
are identified, and information regarding their energy demands and costs are collected. In
the case of multiple steps being carbon intensive, then different scenarios are identified,
including the different approaches in all possible combinations. After the costs and carbon
emissions of these scenarios are calculated, it is up to the industry to determine the metrics
that will allow them to go for the best option to fit their needs. Hence the applicability of
the framework is not only on the different industries that can use this approach, but it also
applies to the different objectives that the companies have at a given time.

In order for the framework to provide solutions that comply with Industry 4.0, Industry
5.0 and green manufacturing, but also the European Green Deal, the main solutions are
either the use of digital tools or the purchasing of energy efficient equipment. Both solutions
have been used in previous approaches but the combination of both solutions has never
been addressed to determine which one is the best fit for a company to reduce its carbon
emissions. The solutions offer different advantages and disadvantages, some of those have
not been addressed in the case study, but it is worthwhile mentioning them since it supports
their applicability and scalability potential.

Regarding the use of digital tools, namely the development and integration of dig-
ital twins in the production line, the solution may not offer significant carbon emission
reduction, but it offers several advantages, such as the easy and no-fuss calibration and
integration within the production line with only a requirement of the use of sensors that
may already exist in the system. It can also run correctly the first time, so minimizing the
trial period, but it also provides what-if-scenarios, allowing the operator to readjust input
parameters to avoid any bad outcomes or to improve the quality of the final production. In
addition, digital twins can provide information about the status of the components of the
equipment, alerting the operators for any faulty situations and notifying them in advance
when it is time for maintenance or repair. This means that the operators know when it is
time to replace components well before a catastrophic event or a complete shutdown of
the production. This way, the operators can order the faulty component, plan maintenance
time and replace the faulty components in a way that does not cause major delays. Last but
not least, the digital tools can be modeled to alarm the operators and workforce for any
hazardous event, such as dramatic increase in temperature or emission of substances dan-
gerous for the health of the workforce, allowing the operator to switch off the equipment
and the workforce to have enough time to evacuate the premises.

Energy efficient equipment significantly reduces the energy consumption and the
carbon emissions by 25%, but it costs significantly more than digital tools. However, the use
of electrified energy efficient equipment, such as an induction furnace, could be proven to
be more environmentally friendly in the near future, when renewable sources will be used
more in industrial settings. In addition, the latest versions of energy efficient equipment
are already equipped with sensors measuring important parameters of the processes taking
place in the equipment, and they can be easily used in conjunction with digital tools,
offering, thus, the best of the two worlds.

The proposed framework extends its contribution to post-integration of the solutions,
offering training and education to the workforce, to support them during the early inte-
gration time. This is also evident by integrating educational fees and training cost into the
calculation of the capital expenditure. The framework is following the concepts of Teaching
Factories, where industrial partners are collaborating with institutions to address a specific
learning need or an industrial challenge. Other concepts from Education 4.0 can also be
integrated, since expanding the skillset of the workforce is one of the aims of Education 4.0.
In addition, the development of the digital skills of the industrial workforce will facilitate
the integration of Industry 4.0 and Digitalization in the modern era industry.
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In order to present an easy to follow case study that would demonstrate the applica-
bility of the framework, several assumptions had to be made, concerning the costs and
the steps included in the production line. Regarding the costs, lack of data resulted in
elimination of several costs that may have made a difference in the final metrics and may
have influenced the decision taken by the company regarding which scenario to follow.
This may also be an issue for any application of the framework, since some costs cannot be
easily calculated so further assumptions have to be made. Another limitation could be the
inability to clearly demonstrate the energy intensive steps of the production line, but also
to calculate the energy consumptions of each equipment. However, this is not a frequently
occurring case. In addition, the effect of the environmentally friendly approaches or the
impact of integrating smart manufacturing techniques on the final product costs has not
been considered in this content and will be addressed at a later stage [35–40]. Last but not
least, the framework has not taken into consideration the effect of carbon storage solutions,
use of recycling materials or disposal costs. This can only be done if the industry has
data regarding these solutions, in order to include them in the framework. However, the
probability of an industry having all these solutions in their production line is negligible
since they have not been used in a large scale.

The standard practice in literature has been to apply multi-criteria optimization [41],
through considering the utilization of different values for process parameters. However,
this had additional impact on the line, in a negative way:

1. The process time has been also affected (and hence the schedule), indicatively up to
100% variation, from the minimum value to the maximum one.

2. Data are not available for quality, so an experimentation period must be taken into
consideration, since the defects are not common (in the case of 6 sigma, 3.4 defects per
million occur); this greatly affects the productivity temporarily.

In addition, digitalization and innovation absorption were not successful, in contrary
to the current methodology, which exploits both concepts. In such a way, there may be
collateral advantages, such as cognitive and physical load reduction (socially), increase in
readiness for quality monitoring and at the same time being in line with new policies, such
as the Green Deal (environmentally and cost-wise). Furthermore, it is expected to be easier
to persuade management to proceed with changes, since the proof for the benefits is more
evident [42] and the timing, as well as the quality guarantee, are not affected in any case.

Future work should include the latest trends in carbon emission reduction, such as
carbon storage solutions, but also include solutions where both digital tools and energy
efficiency are used in parallel. The next steps should also include solutions to transfer from
natural gas or coal-derived electricity to electricity coming from renewable sources, but also
invest in solutions where excessive heat from equipment can be used effectively in other
parts of the production line or the factory, thus lowering the overall energy consumptions.
However, the latter solution requires readdressing the design of the production line and
the factory, therefore, the framework will need to be expanded including the design phase.

6. Conclusions

On one hand, green transition for manufacturing is crucial because of the Green Deal
and other initiatives for lowering the environmental impact of the industrial sector. On the
other hand, green and digital technologies are a considerably expensive investment, there-
fore, industries require a methodology to determine which technology will be purchased
and why. The proposed framework describes the steps that a company can take in order
to identify the carbon intensive parts of its production line, the calculation algorithms for
carbon emissions and costs and the definition of metrics that will support the decision of
the company in investing in new technologies that will result in carbon emission reduction.
The framework can be easily implemented and used to support companies towards carbon
reduction and carbon neutrality. It provides an easy guide from identifying the carbon
intensive steps to calculating the metrics, but it can also be easily adapted to include other
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parameters and metrics, such as the impact from disposal costs, from use of recycling
material and use of carbon capture and storage units.

One of the strong points of the framework is that it is not limited in calculating the
carbon emissions, but it also takes into consideration the competitive and business nature
of the industries, where investments are carefully considered because of their high cost. It
was demonstrated that a combination of digital tools and energy efficient innovative parts
significantly reduce carbon emissions and many of the carbon emission metrics, such as
%CO2/cost of fuel, %CO2/total cost and %CO2/operational expenditure.

Novel technologies, such as carbon storage, should be the focus of the future work, to
identify their role and impact on the carbon emission reduction framework. In addition,
future work should address the impact of use of renewable sources in energy-intensive
industries but should also define whether redesign of the production line can be part of
this framework approach.
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Appendix A

Exemplary figures regarding the quantity of fuel consumed annually in the steelmak-
ing industry. From the fuel consumption, the energy consumption was calculated using the
following equation:

Energy Consumed = Quantity of Fuel × Coefficient

where the coefficient was 11 kWh/Nm3 for the natural gas case and 9.234 kWh/kg for the
anthracite. The carbon emissions were calculated using the following equation:

Carbon Emissions = Energy Consumed × Coefficient

where the coefficient was 0.0019 e-CO2 tons/kWh for both natural gas and anthracite
related emissions.

Appendix B

The costs were calculated based on a study by Stavropoulos et al. (2021) [37] with the
following assumptions:

(1) No capital expenditure cost for the reference scenario.
(2) No labor costs were taken into consideration for all scenarios because of unavailability

of data for this cost.
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(3) In all scenarios, the operational costs were only coming from the energy or fuel
consumption, because of unavailability of data for these costs.

(4) This industry had neither resale or scrap costs, so the cost of end of life or disposal
costs were set to zero.

(5) There were no data for the calculation of national penalties, therefore only the EU
penalties were considered for the carbon emission related costs.

(6) Training of personnel for both digital and energy efficient scenarios was set to 20K as
a baseline budget for this. The same value was assumed for training for expert agents.

(7) The budget for development of digital tools was assumed based on previous market
search and research budgets to start a digital solution from scratch.

(8) Payback time was calculated based on experience from previous projects.
(9) The costs for machine purchase were assumed based on quotations from several

companies and market search, and so were the innovated-related equipment.

Table A1. Costs for the reference scenario.

Meltshop Ladles Meltshop EAF Rolling Mill Ball Mill

Purchase of the machine 0 0 0 0

Training of personnel 0 0 0 0

Training for expert agents 0 0 0 0

Innovated-related equipment that leads to
extra profit 0 0 0 0

Zero-defect MFG related process and
functionalities 0 0 0 0

Development of DT, including sensors,
actuator and cost of simulation software 0 0 0 0

Payback time 0 0 0 0

Total Capital Expenditure 0 0 0 0

Labor cost (i.e., operation, inspection, etc.) 0 0 0 0

Energy/Fuel consumption 37,613.6508 18,456.0257 116,440.888 33,039.8148

Time of usage (idle, machining) 0 0 0 0

Scrap/Part 0 0 0 0

Penalty of change 0 0 0 0

Penalty of change (flexibility due to steel
product personalization) 0 0 0 0

Total Operational Expenditure 37,613.6508 18,456.0257 116,440.888 33,039.8148

Resale 0 0 0 0

Scrap 0 0 0 0

Total End of Life/Disposal Cost 0 0 0 0

National penalties 0 0 0 0

EU penalties 467,397.112 902,615.112 1,446,925.09 410,561.424

Total Carbon Emission Related Costs 467,397.112 902,615.112 1,446,925.09 410,561.424
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Table A2. Costs for digital tool solutions.

Meltshop Ladles Meltshop EAF Rolling Mill Ball Mill

Purchase of the machine 0 0 0 0

Training of personnel 20,000 20,000 20,000 20,000

Training for expert agents 20,000 20,000 20,000 20,000

Innovated-related equipment that leads to
extra profit 0 0 0 0

Zero-defect MFG related process and
functionalities 0 0 0 0

Development of DT, including sensors,
actuator and cost of simulation software 700,000 700,000 700,000 700,000

Payback time 6328.32948 6328.32948 6328.32948 6328.32948

Total Capital Expenditure 746,328.329 746,328.329 746,328.329 746,328.329

Labor cost (i.e., operation, inspection, etc.) 0 0 0 0

Energy/Fuel consumption 1,145,935.6 655,136.791 3,547,482.27 1,006,589.34

Time of usage (idle, machining) 0 0 0 0

Scrap/Part 0 0 0 0

Penalty of change 0 0 0 0

Penalty of change (flexibility due to steel
product personalization) 0 0 0 0

Total Operational Expenditure 1,145,935.6 655,136.791 3,547,482.27 1,145,935.6

Resale 0 0 0 0

Scrap 0 0 0 0

Total End of Life/Disposal Cost 0 0 0 0

National penalties 0 0 0 0

EU penalties 397,287.545 767,222.845 1,229,886.32 348,977.21

Total Carbon Emission Related Costs 397,287.545 767,222.845 1,229,886.32 348,977.21

Table A3. Costs for energy efficient solutions.

Meltshop Ladles Meltshop EAF Rolling Mill Ball Mill

Purchase of the machine 300,000 1,000,000 3,600,000 1,500,000

Training of personnel 20,000 20,000 20,000 20,000

Training for expert agents 20,000 20,000 20,000 20,000

Innovated-related equipment that leads to
additional profit 30,000 0 0 700,000

Zero-defect MFG related process and
functionalities 0 0 0 0

Development of DT, including sensors,
actuator and cost of simulation software 0 0 0 0

Payback time 6328.32948 6328.32948 6328.32948 6328.32948

Total Capital Expenditure 376,328.329 1,046,328.33 3,646,328.33 2,246,328.33

Labor cost (i.e., operation, inspection, etc.) 0 0 0 0

Energy/Fuel consumption 1,011,119.65 578,061.874 3,130,131.41 888,167.066
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Table A3. Cont.

Meltshop Ladles Meltshop EAF Rolling Mill Ball Mill

Time of usage (idle, machining) 0 0 0 0

Scrap/Part 0 0 0 0

Penalty of change (due to market share
increase) 0 0 0 0

Penalty of change (flexibility due to steel
product personalization) 0 0 0 0

Total Operational Expenditure 1,011,119.65 578,061.874 3,130,131.41 888,167.066

Resale 0 0 0 0

Scrap 0 0 0 0

Total End of Life/Disposal Cost 0 0 0 0

National penalties 0 0 0 0

EU penalties 350,547.834 676,961.334 1,085,193.82 307,921.068

Total Carbon Emission Related Costs 350,547.834 676,961.334 1,085,193.82 307,921.068
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