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Abstract:

This thesis investigates how a multi-criteria de-
cision analysis (MCDA) framework can support
investment decisions for the electrification of
process heat in the Danish food and beverage
industry. Despite high technical electrification
potential, the sector remains largely dependent
on fossil fuels, with economic uncertainty, sys-
tem integration complexity, and limited knowl-
edge among industrial decision-makers identi-
fied as key barriers. Through energy map-
ping and semi-structured interviews with two
case studies, Dragsbaek and Thisted Bryghus,
three alternative electrification systems were de-
signed: a high-temperature heat pump, an elec-
tric steam boiler, and a molten salt thermal en-
ergy storage system. These were evaluated using
an MCDA framework comprising seven criteria
spanning economic, environmental, technologi-
cal, knowledge, and market dimensions. The
results demonstrate that no system performs
best across all weighting scenarios, with the
preferred system varying depending on whether
economic, environmental, or technological per-
formance is prioritized. The study concludes
that the MCDA framework provides a strategic
decision support tool enabling more transparent
and holistic evaluation, particularly for small-
and medium-sized food and beverage industries
facing complex and uncertain investment con-
texts.
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Introduction

Electri cation is considered a key pathway for achieving Denmark's climate targets of 100%
emission reductions before 2045 [Ministry of Climate, Energy and Ultilities, 2024]. Despite
Denmark's signi cant progress in expanding electri cation in recent years, fossil fuels still
accounted for 47.1% of the total energy supply in 2024 and remain a major source of greenhouse
gas emissions [International Energy Agency, 2024]. At the end-use level, electri cation remains
limited, and achieving the EU target of an electri cation rate of 32% by 2030 on end use
would require Denmark to increase the pace of electri cation to approximately four times the
rate observed between 2020 and 2024 [Dansk Erhverv, 2025]. This highlights the urgency of
accelerating the transition and identifying sectors with a high potential for electri cation.

The food and beverage sector shows signi cant potential for electri cation, combining a high
fossil fuel dependency of 66.2% with a large share of low- to medium-temperature process heat
[Dragborg et al., 2022b]. At the same time, investment decisions made today risk long-term
carbon lock-in of industries' energy systems, highlighting an urgency of starting the transition
now [International Energy Agency, 2021].

In achieving electri cation of process heat, identifying and evaluating suitable technologies is
critical. Multi-criteria decision analysis (MCDA) is emerging as a promising framework in
energy planning, as it supports investment decisions by incorporating multiple criteria beyond
cost, thereby addressing limitations in conventional economic evaluations that may undervalue
electri cation technologies [O'Shea et al., 2022]. However, there is still a lack of case-specic
applications within the food and beverage industry.

This study therefore investigates how MCDA can support investment decisions for electri cation
technologies in the Danish food and beverage industry.




Problem Analysis

This chapter aims to analyze the barriers and opportunities for electri cation in the food and
beverage industry. This includes assessing the technological possibilities for electri cation, as
well as an examination of current approaches used to support the transition away from fossil-
based energy systems in the sector. This leads to an investigation of how a multi-criteria decision
analysis (MCDA) can be applied to support electri cation investment decisions in the food and
beverage industry.

2.1 Continued Reliance on Fossil Fuels in Denmark

Even though the share of fossil fuels in the Danish energy mix has declined signi cantly over the
past decades, it still plays a substantial role in the country's total energy supply. As of 2024,
fossil fuels account for roughly half of the total energy supply, distributed as follows: oil accounts
for 35.1%, natural gas for 8.9%, and coal for 3.1%. Within oil consumption, the transport sector
represents the largest share at 73.9%, followed by industry at 9.1%. Natural gas is primarily
used in industry (54%) and the residential sector (31%). Coal use is heavily dominated by
industry, which accounts for 98% of its consumption [International Energy Agency, 2024].

This continued reliance on fossil fuels poses a major challenge for the climate, as the combustion
of these fuels releases large amounts of greenhouse gases, particularly carbon dioxide §LO
These gases act as a thermal blanket in the atmosphere, trapping solar radiation and serving
as the primary driver of global warming [IPCC, 2023]. In response to this climate crisis, the
Danish government has set a legally binding target to reduce greenhouse gas emissions by 70%
by 2030 (compared to 1990 levels) and to achieve a 100% reduction by 2050. However, the
current (SVM) government has increased this ambition, aiming for climate neutrality by 2045
and a 110% reduction by 2050 [Ministry of Climate, Energy and Utilities, 2024].

2.2 Electri cation as a Key Pathway for Decarbonisation

Electri cation is widely recognized as the primary pathway for Denmark to reduce CO, emissions
and mitigate climate change. The Danish strategyElektri cering af Samfundet (Electri cation

of Society) from 2021, as outlined in national energy and climate agreements, is based on
replacing fossil fuel consumption with renewable electricity, primarily generated from wind and
solar power [Ministry of Climate, Energy and Ultilities, 2021]. This approach is consistent with
the energy system transition proposed in the IDA Climate Plan, which emphasizes large-scale
electri cation supported by renewable energy expansion [Lund et al., 2021]. While biomass and
other alternatives may contribute to the future energy system, sustainably available biomass
resources are limited and should therefore be prioritized for sectors without viable electri cation




2.2. Electri cation as a Key Pathway for Decarbonisation Aalborg University

options [Connolly et al., 2016]. A similar argument applies to biogas. Although biogas can
replace natural gas in existing infrastructure, it remains a limited renewable resource dependent
on the availability of agricultural feedstocks and should therefore be reserved for applications
where direct electri cation is not feasible [Korberg et al., 2020].

The direct electri cation of energy services is considered an e cient available solution for
replacing fossil fuel-based technologies, as it minimizes energy conversion steps and associated
losses, thereby improving overall system e ciency [Schreyer et al.,, 2024]. Transitioning
to renewable electricity-based technologies, such as power-to-heat, is essential for achieving
decarbonization since it enables e cient energy use and sector integration across heating, energy
production, and industry. Direct electri cation is prioritized because it avoids the conversion
losses associated with indirect electri cation, where electricity is converted into hydrogen or
synthetic fuels. However, indirect electri cation may still be necessary for hard-to-abate sectors
where direct use is technically or economically infeasible [Schreyer et al., 2024]. A smart energy
system approach further supports electri cation by integrating these sectors to improve overall

e ciency and reduce system costs through sector coupling and the utilization of excess energy.
A smart energy system is de ned as a connected and exible energy network that coordinates
electricity, heating, and transport to use energy more e ciently and sustainably [Lund, 2024].

Denmark has already initiated this transition. The share of renewable energy in the electricity
system has increased steadily since the 1990s and reached 79.4% of domestic electricity
production in 2024 [Danish Energy Agency, 2025b]. This high share of renewable electricity
provides a strong foundation for electri cation, although the actual emission reductions depend
on the carbon intensity of consumed electricity, including the role of electricity imports and
exports.

Additionally, there has been an increase in the amount of electricity used by end users in
Denmark. This illustrates the increasing role of electricity in end-use sectors traditionally
dominated by fossil fuels, such as the district heating, transport, and industry sectors. As
of 2024 roughly 20% of Denmark's end use demand was electri ed [Danish Energy Agency,
2025b].

Denmark does not have a specic target for the level of electri cation in end use that must
be achieved. However, electri cation is widely regarded as a key pathway toward meeting the
national climate goals of a 70% reduction in CQ emissions by 2030 and achieving climate
neutrality by 2045. The Ministry of Climate, Energy and Utilities considers that electri cation
could theoretically reduce up to 60% of Denmark's emissions [Ministry of Climate, Energy
and Utilities, 2021]. Despite this potential, no o cial targets have been set for the extent of
electri cation. At present, electri cation is treated as a tool rather than a policy target in itself.

At the European level, new policy initiatives are reinforcing this transition by positioning
electri cation as a strategic necessity. In February 2025, the European Union introduced the
Clean Industrial Deal, aimed at ensuring European industry remains competitive amid increasing
climate ambitions and global competition. This framework builds on earlier e orts such as
the European Green Deal [European Commision, 2025b]. The Clean Industrial Deal is an
overarching policy framework rather than a specic piece of legislation. It sets the direction
for EU industrial policy, under which targeted strategies, action plans, legislative proposals,
and support mechanisms will be developed [European Commision, 2025b]. A central pillar of
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this strategy is the expansion of electri cation to combat high energy costs, which currently
weaken European industries compared to global rivals. To drive this, the EU has established
a clear, economy-wide target: increasing the electri cation rate from 21.3% today to 32% by
2030 [European Commision, 2025b,a]. This target serves as a mandate for subsequent legislative
proposals and support mechanisms, signaling that the EU views the electri ed economy as the
foundation of its future.

Although this target is not legally binding for Denmark, it signals a clear direction for the
pace and scale of electri cation required across the European energy system. Aligning with
the EU targets for electri cation would signi cantly bolster Denmark's e orts to meet its 2030
decarbonization goals. However, aligning with this development would require a signi cant
acceleration of electri cation in Denmark. Achieving an electri cation rate of 32% by 2030
would require a growth rate approximately four times higher than the average observed between
2020-2024, and around seventeen times faster than the historical trend since 1990. If current
trends continue, this level would not be reached until around 2050 [Dansk Erhverv, 2025].

This gap highlights a substantial mismatch between current development and future targets,
indicating that a rapid scale-up of electri cation e orts is required. Consequently, there is a

growing urgency to identify which sectors should be prioritized for decarbonization, while also
addressing the key barriers that hinder this transition, even though all sectors must ultimately

be decarbonized.

2.3 Industry's Electri cation Potential

To identify where decarbonization e orts can have the greatest impact, it is essential to examine
how energy is distributed across sectors. In Denmark nal energy consumption is primarily
concentrated in three major sectors: transport, households, and production industries (including
manufacturing and agriculture) [Danish Energy Agency, 2025b], This distribution is illustrated
in Figure 2.1. The gure further shows that total energy consumption has remained relatively
stable since 1990 and that the sectoral shares have stayed broadly consistent.

Figure 2.1. Final energy consumption by end use for each sector from 1990-2024 [Danish Energy
Agency, 2025b]
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According to the Danish Energy Agency, Denmark's total nal energy consumption was
approximately 597.2 PJ in 2024, with transport representing the largest share of nal energy
consumption, followed by households and industrial activities. The transport sector accounted
for approximately 205 PJ of nal energy consumption in 2024, making it the single largest
consuming sector. The large energy demand in the transport sector is primarily driven by
the continued reliance on fossil fuels for road transport, aviation, and shipping. In contrast,
household energy consumption accounted for approximately 173.1 PJ and is dominated by space
heating, hot water production, and electricity use for appliances. Industrial activities, including
manufacturing, agriculture, and construction, accounted for roughly 116.9 PJ [Danish Energy
Agency, 2025b]. The consumption is largely associated with process heat, machinery operation,
and refrigeration processes in production facilities [IEA, 2023].

The manufacturing amounts for the majority of the industrial energy use, representing roughly
70% with 81 PJ. The manufacturing industry in Denmark is characterized primarily by non-
energy-intensive subsectors such as food and beverage production, as well as the chemical and
pharmaceutical industries [Danish Energy Agency, 2025b].

Energy consumption patterns have historically been closely related to greenhouse gas emissions.
Sectors with high energy demand, particularly those relying on fossil fuels, tend to also contribute
signi cantly to national CO , emissions, where the national emission in 2023 was 38.8 million
tons COe [Ministry of Climate, Energy and Utilities, 2025].

Among the major emitting sectors, transport and agriculture represent two of the largest sources
of greenhouse gas emissions in Denmark, each accounting for approximately 32% of national
emissions in 2023. Where the industry sector contributes with roughly 11%, the energy sector
and other sectors account for the remaining share of emissions [Ministry of Climate, Energy and
Utilities, 2025], as illustrated in Figure 2.2.

Figure 2.2. CO, emissions per sector in 2023. (Based on data from [Ministry of Climate, Energy and
Utilities, 2025])

Transport emissions are largely driven by road transport, which relies heavily on fossil fuels.
Despite improvements in vehicle e ciency and the increasing electri cation of passenger
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transport, heavy-duty sectors, speci cally aviation, shipping, and trucking, remain more di cult

to decarbonize. Their reliance on energy-dense fuels makes direct electri cation technically
challenging, necessitating a shift toward indirect electri cation [IEA, 2023]. The agricultural
sector also contributes signi cantly to national emissions, though its emissions di er structurally
from those of energy-related sectors. Agricultural emissions are dominated by methane from
livestock production and nitrous oxide from fertilizer use, making them more dicult to
mitigate through electri cation alone [IEA, 2023]. Industrial emissions arise from both energy
consumption and process-related emissions, such as those from cement production and chemical
manufacturing. Although industry contributes a smaller share of total emissions compared to
transport and agriculture, it remains a critical sector for decarbonisation strategies [Ministry of
Climate, Energy and Utilities, 2025].

While the industrial sector is not the largest source of emissions, it remains one of the primary
consumers of end-use energy [Klimaradet, 2025]. There is an increasing urgency to focus on
industry, perhaps even more so than the transport sector, despite the latter's higher current
emissions. This is because passenger cars are now transitioning largely on their own; electric
vehicles have become competitive and are increasingly market-driven. Industry, by contrast,
requires immediate political backing and substantial investment to bend the emission curve
[Klimaradet, 2025].

The criticality of this transition stems from the fact that industrial assets are characterized by
heavy investments with long lifespans, typically exceeding 25 years. While an average passenger
car is replaced after 10 15 years, a new gas- red industrial process plant commissioned today
will lock a company into fossil fuels well into the 2050s. To avoid this carbon lock-in, ensuring
immediate electri cation of industry is a more time-sensitive priority than in sectors with faster
turnover [International Energy Agency, 2021].

Technically, industrial energy demand is dominated by process heat, which is categorized
into low, medium, and high temperature ranges. While high-temperature processes in
heavy industries like cement and steel production face signi cant technological and economic
constraints, the majority of the sector is ripe for transition [Dragborg et al., 2022b]. Research

indicates that roughly 60% of industrial heat demand occurs at low- and medium-temperature

levels below 200°C [Dragborg et al., 2022b]. At these temperatures, electri cation technologies

such as electric boilers can be integrated e ectively. While the integration of heat pumps in

systems exceeding approximately 100-156C faces speci ¢ challenges, they remain a primary
solution [Montagud et al., 2021].

The potential bene ts of this shift are high. Full electri cation of thermal processes in the
food and beverage industry alone could reduce the total nal energy consumption of production
industries by approximately 49% [Dragborg et al., 2022b]. Complementing this, research from
the Technical University of Denmark (DTU) nds that roughly 97% of industrial process heating
can be electried from a purely technological standpoint, o ering reasonably short payback
periods and signi cant energy savings [Elmegaard, 2022]. Thus, making electri cation of the
industry more critical and urgent to avoid carbon lock-in.

Within low- and medium-temperature industrial processes, the food and beverage sector
represents one of the largest shares of energy consumers. This sector requires signi cant
amounts of process heat for operations such as pasteurization, sterilization, drying, and cleaning
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[Dragborg et al., 2022b].

Sector Total energy use (TJ/ly) Fossil fuel use (TJly) Fossil fuel (%)
Total Manufacturing sector 88816 57616 64.87
Food and beverage 24290 16 081 66.20

Table 2.1. Total energy use and fossil fuel consumption in the manufacturing sector along the food
and beverage subsector. The data is from 2019 in the Danish Energy Agency's mapping of
the industry sector from 2022 [Dragborg et al., 2022a]

Despite the sector's strong electri cation potential, fossil fuels still account for a substantial
share of its energy consumption. As shown in Table 2.1 the amount of fossil fuel used in the
manufacturing sector is roughly 65%, where it's also shown that the food and beverage subsector
amounts for around a fourth of the total manufacturing energy use. Similarly, the table shows
that the food and beverage sector re ects the same overall tendency of fossil fuel usage, with
66%. Many production facilities currently rely on natural gas or oil- red boilers for process
heat because these technologies are well-established and often cheaper to operate under existing
energy price structures [International Energy Agency, 2021].

This discrepancy between the technical feasibility of electri cation and the continued reliance
on fossil fuels highlights the need to examine the existing research to better understand the
opportunities and barriers associated with electri cation in the food and beverage industry.

2.4 Electri cation's Potential and Barriers in the Food and
Beverage Industry

To assess the current state of research on electri cation in the food and beverage industry in
Denmark, it is necessary to review existing studies on technological potential, implementation
challenges, and investment decisions.

Several studies have examined electri cation within the industrial sector, focusing on potentials,
opportunities, and barriers [de la Rue du Can and McMillan, 2019; Phan et al., 2025]. However,
only a limited number of studies specically address the food and beverage industry, and
even fewer focus on the Danish context. Existing research focusing on Denmark includes
mappings of thermal processes within the sector, showing that most processes operate at low-
to medium-temperature levels, requiring temperatures below 15%C, although some processes,
such as drying, may require temperatures in the range of 100 20C. However, speci ¢ process
requirements related to food safety and product quality can lead to higher temperature
requirements [Elmegaard et al., 2021b; Kermani et al., 2023].

Other studies have focused on identifying a range of electri cation technologies that are
technically applicable within the food and beverage industry. These include industrial heat
pumps, electric boilers, and other process-speci ¢ solutions, which all fall under the category of
power-to-heat (PtH) technologies [Atuonwu and Tassou, 2021; Kermani et al., 2022a; Sovacool
et al., 2021]. Most of these technologies are examined to have high technology readiness levels
(TRL), typically ranging from 7 to 9. TRL is a scale used to assess the maturity of a technology,
ranging from early-stage research (TRL 1) to fully commercialized systems (TRL 9). This
indicates that the technologies are technically developed and close to or already in commercial
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use. However, some technologies are still considered less mature in industrial applications due
to the limited number of large-scale demonstration projects [Kermani et al., 2022a; Rehfeldt
et al., 2024]. As highlighted in by [Baldwin et al., 2025], this lack of operational experience can
create uncertainty for industrial actors considering electri cation investments.

Despite the technological maturity, several studies highlight a lack of knowledge within
the industry regarding available electri cation technologies and their applicability to specic
processes [Rosenow et al., 2025; Rehfeldt et al., 2024]. This is further supported by Riccardo
Bergamini, global sustainability manager at GEA, an engineering rm supplying technology for
food processing and other industrial applications, who emphasizes that industrial actors often
lack insight into how technologies can be applied within their speci ¢ production context. This is
due to the rapid pace of technological development, which makes it di cult for rms to maintain

an overview of relevant solutions. As a result, companies tend to rely on familiar fossil-based
technologies rather than exploring alternative system con gurations, which leads to the slow
adaption [Riccardo Bergamini, 2026].

Another key challenge identi ed in both literature and interviews is related to system integration
and increased perceived uncertainty among industrial decision-makers. [Moncada and West,
2024] mention that electri cation of industrial heat is not a simple one-to-one substitution of
technologies, particularly in facilities based on centralized steam systems. Instead, it requires
recon guration of heat supply, distribution, and process interactions. Integrating multiple
technologies into a coherent energy system introduces signi cant complexity [Moncada and
West, 2024; de la Rue du Can and McMillan, 2019]. This is further explained by interviews
with Riccardo and Bent Kristensen, senior energy and sustainability manager at Arla Foods,
a Danish registered international cooperative dairy company. They highlight that insu cient
system design has been a key factor behind unsuccessful electri cation projects, particularly in
the implementation of industrial heat pumps [Riccardo Bergamini, 2026; Bent Kristensen, 2026].

Other literature and Danish studies have focused on identifying the key economic barriers
hindering the transition, where barriers related to the cost di erences between electricity and
natural gas and nancing challenges have emerged [Kermani et al., 2022a; Baldwin et al., 2025].
However, in the interview with Kristensen, he states that the cost di erences and nancing
challenges are mostly related to small to medium industries. Large industries have the resources
available to a ord the investments, even though they might result in less attractive economic
investments, they do, however, need to prioritize a green pro le in the company to cover the
higher investment cost. Additionally, Bent highlights the uncertainty in future energy markets

as a hindrance for the transition, where uctuating electricity prices and policy developments
complicate long-term investment decisions and increase perceived risk [Bent Kristensen, 2026].

Furthermore, two existing Danish case studies in the food and beverage sector, focuses on how
electri cation of their process heat can be integrated in a technically feasible and economically
viable way. Notably, a Danish study has developed and compared several electri cation
strategies for a milk powder production facility [Bihler et al., 2019b] where the other Danish
study focused on a pectin production facility [Kermani et al., 2022b]. Both studies show that
full electri cation of industrial heat demand can be technically feasible, particularly where
process heat demand is concentrated at low-to-medium temperature levels, but investments
are not economically viable. However, these studies rely on a xed set of technical and nancial
performance indicators. This re ects a broader limitation in existing approaches according to
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[Ashabi et al., 2025], which often rely on a narrow set of performance criteria for the evaluation,
which risks undervaluing electri cation investments.

A highly used nancial criterion is payback time, the period required for an investment to
earn back its initial cost through annual savings or revenues it generates. Strict payback time
requirements from the industry have been identi ed as a barrier by [Rosenow et al., 2025], as they
tend to undervalue long-term bene ts and discourage investment in electri cation technologies.
However, interview ndings from Jette Vejen, chief consultant in Viegand Maagge, a consultant
rm with a focus on sustainability and green transition, suggest that the challenge is not only
related to the criteria themselves but rather to the variety of criteria included in the evaluation.
In particular, criteria that bene t electri cation are often excluded from assessments, such as
operational exibility and improved e ciency, despite their potential importance for decision-
making [Jette Vejen, 2026]. Studies on energy e ciency in the industrial sector highlight
that such benets can play a signi cant role in investment decisions, yet they are often not
systematically included in evaluations [Cagno et al., 2019].

To address these limitations, international studies propose the use of multi-criteria decision
analysis (MCDA) approaches. MCDA enables the inclusion of multiple evaluation criteria
beyond purely economic factors, allowing for a more comprehensive assessment of investment
decisions [Ashabi et al., 2025, 2026]. [O'Shea et al., 2022] introduces MCDA into the food and
beverage industry for the evaluation of PtH technologies with a more holistic set of criteria but
highlights that there is a need for more case-speci ¢ studies.

The literature therefore indicates that electri cation technologies are technically feasible
and increasingly mature, yet investment decisions remain hindered by uncertainty, system
complexity, and evaluation approaches that rely on a limited set of economic criteria. Although
MCDA has been proposed as a means of incorporating a broader range of decision criteria, its
application within the Danish food and beverage industry remains limited. Consequently, there
is insu cient knowledge regarding how MCDA can support industrial decision-makers when
evaluating electri cation investments in this context.

This gap forms the basis for this study, which aims to investigate how MCDA can be applied to
support investment decisions for small- to medium-sized industries in electri cation technologies
in the Danish food and beverage industry.

11



Research question

Based on the identi ed research gap, this study investigates how a MCDA framework can support
investment decisions related to the electri cation of process heat in the Danish food and beverage
industry. To guide a structured and focused investigation into this subject, this chapter presents
the main research question and supporting sub-questions that form the analytical backbone of
the study.

The main research question is:

RQ: How can the application of a multi-criteria decision analysis
framework support investment decisions for electri cation of process
heat in the Danish food and beverage industry?

To address this overarching question in a structured and systematic manner, the main research
guestion is divided into three sub-questions, each addressing a speci ¢ aspect of the problem.

SQ 1: Which alternative electri cation systems can be designed for the case studies?

The rst sub-question focuses on the identi cation and design of technical electri cation
solutions. A case study approach is utilized to examine speci ¢ industrial process heat demands
and operational conditions, providing insights into how electri cation technologies can be
congured in the food and beverage industry. It aims to establish a set of electri cation
alternatives tailored to the characteristics of the selected case studies. This involves the
conceptualization and con guration of di erent electri cation technologies while accounting for
system constraints, operational requirements, and technological availability.

SQ 2: How can a multi-criteria decision analysis framework be structured to evaluate
electri cation systems, and how do the alternative systems perform across the de ned
criteria?

The second sub-question aims to evaluate the identi ed alternative systems using a systematic
and comparative approach. This is carried out through a multi-criteria decision analysis,
utilizing multiple criteria as performance indicators. By assessing several performance
dimensions, the analysis identi es the relative strengths and weaknesses of each alternative
system for evaluating how the alternative performs across the de ned criteria.

SQ 3. How do dierent prioritizations of the de ned criteria in uence which
electri cation system performs best?

12



Aalborg University

The third sub-question examines weighting scenarios and the performance of the alternative
systems. It assesses which alternative system performs best when the prioritization of criteria
is changed, re ecting how dierent decision-makers' priorities in uence which systems are

selected. This sub-question establishes an understanding of the sensitivity of the alternative
systems' performance to changes in criteria weighting and identi es how robust the ranking of

electri cation alternatives is across di erent prioritization scenarios.
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Research Design

This chapter presents the research design of the study and explains how the analyses are
structured to address the main research question and the sub-questions.

The research design follows a sequential structure in which each analytical step builds upon
the preceding one. Figure 4.1 illustrates this progression and demonstrates how the case study
characterization, technical foundation, and multi-criteria evaluation of electri cation systems
are interconnected.

The research design is structured around three core analyses:

Chapter 7 Case Study Characterizationaddresses Sub-question 1 by examining the case studies
and mapping their current energy systems. The chapter establishes the key energy characteristics
of the two case studies using the Case Study in Research and Interview methodology described
in Chapter 6, Sections 6.3 and 6.4, respectively.

Chapter 8 Technical Foundation addresses Sub-question 1 by reviewing suitable technologies and
designing alternative systems for the two case studies based on the key energy characterizations
in the previous analysis. It established the technical foundation of the study, including the
market conditions and alternative systems that will be evaluated. The design of the alternative
systems are based on key characterizations from the previous analysis and the Industrial Heat
Planner tool (IHP), described in Section 6.5, for the sizing strategy of the alternative systems.

Chapter 9: Multi-Criteria Evaluation of Electri cation Systems , addresses sub-questions 2 and
3 by developing a MCDA framework with de ned evaluation criteria. Furthermore, it includes

a scenario-based weighting to assess the performance of alternative systems and how di erent
prioritizations in uence the results. The framework is based on the MCDA method described
in Section 6.6, where the criteria are identi ed through the theoretical framework (Chapter 5),
literature review (Section 6.1), and interviews (Section 6.4). Each alternative system is evaluated
in the IHP model based on these criteria, and di erent weighting scenarios are then applied to
assess how changes in prioritization a ect alternative systems' performance.
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Figure 4.1.

lllustration of the study's research design
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Theoretical Framework

This chapter presents the theoretical framework underpinning the analytical approach of this
thesis. The framework draws on two theoretical perspectives that together address the challenge
of food and beverage industries in evaluating electri cation investments in industrial energy
systems: The Technology Concept and Decision-Making Under Uncertainty

5.1 Technology Concept

The necessity for electri cation identied in the problem analysis ultimately depends on
the capacity to drive change, this theoretical lens explains how technological change occurs.
Specically, it posits that such change is driven by change in technological dimensions
[Hvelplund, 2013]. To understand this technological change, a clear and structured
understanding of technology as an analytical concept must rst be established. De ning these
underlying dimensions provides the necessary foundation to determine which criteria are relevant
for evaluation and how they can be integrated into a multi-criteria framework [Christensen et al.,
1984].

Rather than treating technology as a static object, this thesis follows the operational framework
proposed by [Christensen et al., 1984], in which technology is understood as a dynamic unity
of four interdependent dimensions: technique, knowledge, organization, and product. The rst
dimension, technique, refers to the physical tools, machinery, and infrastructure that make
up technological processes, making it fundamentally material and labor-driven. The second
dimension, knowledge, encompasses the expertise underlying technology, including both tacit
knowledge developed through hands-on experience and formal scienti c understanding. As a
dynamic process, knowledge continuously re nes and advances technology through learning
and adaptation. The third dimension, organization, functions as the mechanism linking
knowledge and technique through management, coordination, and communication. While not
all forms of organization involve technology, every technology inherently contains an element of
organization [Christensen et al., 1984]. However, the organizational dimension is excluded from
this study, as the analytical focus is not on the internal communication structure of the company.
Together, these three dimensions form productive technology, which enables the production
of a good or service. This leads to the fourth dimension, the product, which represents the
tangible outcome of technological processes, serving to meet societal needs and address practical
problems [Christensen et al., 1984]. Building on this framework, Hvelplund introduces a fth
dimension: prot. This dimension captures the economic aspect of technology, emphasizing that
nancial viability plays a key role in technological development and implementation, highlighting
that technology is not only a technical and organizational system but also an economic one
[Hvelplund, 2013]. When at least one of these dimensions changes, a technological change
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occurs. However, radical technological change happens when at least two of the dimensions
changes substantially [Hvelplund, 2013]. As argued by [Hvelplund, 2013], the transition from
fossil fuel based systems toward electri cation challenges existing technological structures and
therefore requires radical technological change.

While the dimensions of technique, knowledge, organization, product, and prot provide a
comprehensive internal map of technology, they primarily view technology as a self-contained
unit of production. However, within the context of the green transition and the shift toward
integrated energy systems, a technology's value is increasingly de ned by its relationship with
its surroundings. To capture this, this thesis extends the ve dimension model to include two
additional dimensions: Environment and External Market.

The sixth dimension, Environment, represents the ecological rationale and impact of a
technology. Unlike the rst four dimensions, which describe the mechanics of production, the
environmental dimension addresses the consequences and drivers of the technological process.
Its inclusion is necessitated by the growing role of environmental impact as a primary metric

in energy system MCDA studies [Kumar et al., 2017; Bhatia and Williams, 2023]. By treating

the environment as a distinct dimension, the evaluation framework explicitly accounts for the
technology's ability to meet decarbonization targets, minimize resource depletion, and mitigate
ecological harm factors.

The seventh dimension, External Market, shifts the analytical focus from the technology's
internal e ciency to its systemic synergy. Derived from the smart energy systems approach
[Lund, 2024], this dimension evaluates how a technology interacts with and supports the wider
energy infrastructure across di erent sectors. In a modern energy planning context, a technology
is no longer an isolated asset; its value is tied to its ability to provide system-level services, such
as grid exibility, demand side response, or cross-sectoral integration. While traditional MCDA
studies have often overlooked this system-level category, recent research, particularly concerning
storage applications, highlights the importance of including parameters like response time and
energy security as indicators of technological performance within a broader market [Baumann
et al., 2020; Kaiser et al., 2025]. The External Market dimension ensures that the evaluation
recognizes technologies not just for what they produce, but for how they stabilize and optimize
the energy system as a whole.

These dimensions provide the conceptual basis for the MCDA criteria applied in this thesis,
ensuring that the evaluation re ects a holistic understanding of how electri cation technologies
function and interact with their surrounding systems.

5.2 Decision-Making Under Uncertainty

The urgent need for evaluating electri cation technologies identi ed in the problem analysis
depends on the ability to assess them under the uncertain and complex conditions that
characterize real industrial investment decisions. These conditions involve multiple competing
criteria, a wide range of technological alternatives, and uncertainty regarding future market and
regulatory conditions.

Classical economic theory assumes that decision-makers act as perfectly rational agents
capable of evaluating all available information to maximize expected utility [Za rovski, 2008].
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According to [Campitelli and Gobet, 2010], in practice decision-makers face acute limitations
in information, time, and cognitive capacity. Rather than seeking a provably optimal solution,
they tend to satis ce, selecting options that meet a threshold of su ciency. Herbert A. Simon
formalized this reality through the concept of bounded rationality [Campitelli and Gobet, 2010].

In the context of industrial electri cation, this manifests in the diculty of evaluating a
decision not by a single nancial bottom criterion but across a disparate series of metrics.
Bounded rationality becomes evident in the immense cognitive load required to simultaneously
weigh capital costs, operational e ciencies, and emissions pro les across numerous technological
pathways, exceeding the limits of intuitive human processing. This internal complexity is further
intensi ed by external uncertainty associated with volatile future energy prices and evolving
policy frameworks, which broadens the range of possible future scenarios beyond what decision-
makers can reasonably anticipate or evaluate.

When faced with such decision complexity, Simon noted that human decision-makers rely heavily
on simpli ed mental models and heuristics. In an industrial setting, relying on unguided intuition
can lead to ad-hoc, inconsistent choices that fail to accurately account for long-term operational
risks [Campitelli and Gobet, 2010]. Therefore, to compensate for the inherent boundaries of
human cognition highlighted by Simon, there is a critical need for a structured, transparent,
and replicable evaluation framework that can systematically organize these competing criteria.
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Methods

This chapter presents the methodological approach employed in this study to address the
research question and establish the foundation for the analyses conducted throughout the study.
To answer the research question, a combination of methods is applied, including a literature
study, semi-structured interviews, Al in Research, Case Study in Research, Industrial Heat
Planner tool and MCDA framework. The following sections describe each method and its
application within the study.

6.1 Literature Study

This section outlines the literature study conducted as part of this study. A literature study, or
so-called semi-structured literature review, was selected because they are particularly suitable for
identifying broad topics and current research gaps, barriers and emerging developments within
the selected eld [Snyder, 2019].

For this study, recent literature was prioritized when examining research gaps, as newer studies
provide insights into the present state-of-the-art and ongoing discussions within the research
area [Snyder, 2019]. However, MCDA itself is not a new methodology, and older literature was
therefore also considered relevant, particularly regarding methodological framework structures
and established approaches. The earlier studies provide valuable insights into the development
of MCDA methodologies and contribute perspectives that remain relevant for understanding the
strengths and limitations of existing approaches.

The literature study served multiple purposes throughout the project. During the problem
analysis phase, the review was used to identify the initial problem statement and establish an
overview of the state-of-the-art within MCDA applications for electri cation of the food and
beverage industry. In relation to the development of the MCDA framework, the literature study
supported the identi cation of relevant approaches and di erent framework designs applicable
to the research objective. The review was also used to identify relevant categories and criteria
previously applied in similar studies, while additionally providing insights into criteria and
perspectives that have received limited attention in existing research.

The study followed [Snyder, 2019] approach and primarily focused on scienti c and academic
literature within the scope of MCDA in order to establish an overview of existing research and
methodological approaches. The literature search was primarily conducted through Aalborg
University Library (AUB), which provides access to several academic databases and publishers,
including ScienceDirect and ResearchGate [Aalborg University, 2026]. Furthermore, the Danish
Technical University Institutional Repository (DTU Orbit) was included as a supplementary
source due to the availability of relevant projects and studies within the research area addressed
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in this study [Technical University of Denmark, 2026]. In addition, Google Scholar was used as
a complementary search engine to broaden the scope of the search and ensure identi cation of
relevant publications across multiple databases [Google, 2026b].

To identify relevant literature, speci c search terms were used, where dierent categories of
search terms were applied depending on the focus of the search. These included general terms for
identifying MCDA studies and their methodologies, such as Multi-Criteria Decision Analysis
MCDA, and techno-economic assessment In addition, more specic application-oriented
search terms were used to identify studies related to specic technologies, such apower-
to-heat , energy storage electri cation , renewable energy technologiedieat pumps and electric
boilers. More general search terms were used to include studies applying MCDA across broader
energy systems, such agenewable energy systems technology assessment, and sustainability.
These terms were used to capture studies addressing MCDA frameworks and methodologies in
a broader context. Furthermore, industry-focused search terms such asdustry, industrial
and Food and beverage'were included to ensure relevance to applications involving industrial
energy systems. Overall, the combination of general, technology-speci ¢, methodological, and
sector-speci ¢ search terms ensured a broad but structured coverage of literature relevant to
MCDA applications in energy system evaluation. In addition, a snowballing approach was used,
where references from relevant articles and existing literature reviews were examined to identify
additional sources that were not easily accessible through the selected databases [Wohlin, 2014].
According to [Wohlin, 2014], snowballing can support the identi cation of relevant literature that
may not appear through conventional database searches alone. Peer-reviewed journal articles
were prioritized to ensure the academic quality, reliability, and validity of the included literature
[Kelly et al., 2014]. Following [Kitchenham and Charters, 2007], the relevance of each identi ed
study was assessed through a screening process. Each study was rst evaluated based on its
titles and abstracts, and if source was not excluded, it were subsequently examined in full to
determine its suitability for inclusion in the review.

The literature study conducted in this thesis was an iterative process. As the research perspective
and focus area evolved during the study, the literature search and source selection were
continuously updated. Conducting the review iteratively reduced the risk of excluding literature
that later proved relevant as the project scope became more re ned. Consequently, additional
search terms were included when necessary, and the ltering and selection of sources were
continuously revised to ensure that the reviewed literature remained aligned with the research
topic and objectives. However, this iterative approach also introduces certain limitations. Since
the literature selection process evolved throughout the project, it may be less structured than
a fully prede ned systematic review methodology, which can a ect reproducibility [Snyder,
2019]. Nevertheless, the iterative nature of the review was a deliberate choice aligned with the
exploratory character of this study. By continuously re ning the search strategy in response
to the evolving research focus, the review remained closely aligned with the actual scope and
objectives of the project. This approach may therefore have enabled a more targeted and relevant
selection of literature than a prede ned search strategy would have allowed.

20



6.2. Use of Arti cial Intelligence in Research Aalborg University

6.2 Use of Articial Intelligence in Research

This section describes how Arti cial Intelligence (Al) tools were used in this study, the purposes
for which they were applied, and the critical procedures used to evaluate and verify Al-assisted
outputs throughout the project.

As Al tools become increasingly integrated into academic work, it is critical that their use is
clearly disclosed and applied responsibly [Pigola et al., 2023]. In this project, Al served strictly
as a supportive tool that assists rather than replaces the authors' own reasoning. All written
content was initially drafted by the authors and, when necessary, later re ned with assistance
from Al tools.

While Al tools can be valuable for saving time on repetitive tasks, enhancing idea generation,
and supporting structuring work, they may occasionally produce inaccurate or misleading
information [Pigola et al., 2023]. Accordingly, all Al-generated outputs were critically evaluated

by the thesis group. Responses were reviewed, revised, discarded where appropriate, and cross-
checked against scienti c literature or primary sources.

In this project, generative Al tools were used selectively to support speci c tasks where they
were found e ective without compromising academic rigor. ChatGPT was primarily employed
for language-related tasks, including text review and improving the academic quality of written
content. It also assisted in formatting tables and generating BibTeX references in the correct
format. Claude was used for idea sparring during the brainstorming process and for clarifying
complex relationships between technical and economic concepts in the context of energy system
modeling. Additionally, Microsoft Copilot assisted in explaining and organizing formulas for
energy modeling in Excel. While Copilot and other Al tools can be a helpful aid for structured
computational tasks, it remains essential to critically evaluate its suggestions and verify that
solutions perform as intended. This ensures that the logic and design of, for instance, the energy
model genuinely re ect the authors' own understanding and decisions.

Throughout this project, the boundary between Al-assisted language improvement and
unintended in uence on the underlying arguments required continuous attention. While Al tools
proved valuable for language re nement, structuring tasks, and idea generation. Cross-checking
and verifying Al-assisted re nements was essential to ensure that both the content and the
original intent remained those of the authors. In several instances, Al-generated re nements
lacked su cient technical precision, contextual understanding, or source transparency and
were consequently discarded or substantially revised following independent evaluation. These
experiences reinforced the importance of treating Al as a supportive tool for re nement and
assistance rather than as a conclusive or authoritative source of knowledge.

6.3 Case Study in Research

This section presents the methodological approach used for the case studies examined in this
study. The case study approach was selected to investigate the practical and contextual
challenges associated with electri cation of process heat in the Danish food and beverage
industry.

The case study methodology takes inspiration from established case study research methodolo-
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gies [Hollweck, 2016] as well as previous studies applying case study approaches within industrial
electri cation research [EImegaard et al., 2021a]. Based on this methodological foundation, the
approach adopted in this thesis is structured around four main steps seen in Figure 6.1:

Figure 6.1. The structure of the case study approach's four main steps, going from left to right

6.3.1 De ning the Research Area

The research area of this thesis is centered on the Danish food and beverage industry. As
identi ed in the problem analysis, this sector represents a signi cant potential for industrial
electri cation due to its high demand for low- and medium-temperature process heat, while
at the same time experiencing relatively limited implementation of electri cation technologies.
Additionally, small- and medium-sized companies are prioritized based on the barriers identi ed
in the problem analysis (Section 2.4), which prevent them from transitioning to electri cation.

To address the research question, two industrial case studies are included with the purpose
of strengthening the analytical foundation and improving the broader relevance of the ndings
within the food and beverage sector. By examining di erent cases, the insights can be compared
to each other, helping to demonstrate how the ndings can be applied to a wider range of
companies within the industry.

6.3.2 Case Selection

The case selection process consisted of several screening, prioritization, and identi cation steps
aimed at identifying industrial companies suitable for the scope of this research.

Screening and Prioritization

Initially, a screening of subsectors within the food and beverage industry was conducted
to identify industries with both signi cant fossil fuel consumption and a high potential for
electri cation. To support this screening, mappings of the subsectors were developed and are
presented in Appendix Chapter 11, Table (11.1) and Table (11.2). These mappings include
total energy demand and fossil fuel demand by subsector and process temperature requirements
within the subsectors.

The mapping tables were used to prioritize industrial subsectors and companies based on the
following criteria:

Company size, small- and medium-sized companies
Fossil fuel share
Potential for electri cation

~

To target industries with the potential for emissions reduction, the fossil fuel share was used as a
primary screening criterion. Subsectors with higher fossil energy consumption were prioritized,
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though not exclusively. Among the subsectors exhibiting the highest fossil fuel shares were
sugar production, starch and starch product manufacturing, and the shing and sh processing
industries. The temperature requirements of processes for the food and beverage industry
were used as a selection criterion for re ecting the potential for electri cation. As discussed
in Section (2.3), low- and medium-temperature process heat applications generally have higher
electri cation potential than high-temperature applications. Consequently, processes dominated
by high-temperature drying and distillation operations were considered less suitable for this
study. This resulted in partial exclusion of subsectors such as sugar re ning, milk powder
production, malt production, distilleries, and starch processing. These two criteria result in
the following subsectors being prioritized: shing and sh processing, dairy, oils and fat, beer
production industries.

Afterwards, the company size criteria was introduced, ensuring that the study targets the
small and medium-sized companies that currently exhibit the identi ed barriers for investing

in electri cation. This criteria follows [European Commissioning, 2020] de nition of small and
medium companies, it de nes them as companies that employ fewer than 250 persons and have
an annual turnover of up to EUR 50 million. Although several subsectors exhibited high fossil
fuel share, some were dominated by only a few large industrial actors, such as the before-
mentioned subsectors. Since the focus of this study is primarily on small- and medium-sized
companies, this in uenced the prioritization process.

Identi cation of industries

To identify relevant companies within the selected subsectors, a range of di erent sources were
utilized to establish a broad overview of industrial companies operating within the Danish food
and beverage industry. The search process combined o cial business registries, general web
searches, and industry-speci ¢ databases in order to improve coverage and reduce the risk of
overlooking relevant companies.

The primary sources included:

The Danish Central Business Register ([Danish Business Authority, 2026])

Google searches ([Google, 2026a])

Industry-speci ¢ company databases and directories ([Danish Dairy board, 2026; Danish
Brewers' Association, 2026]

The Danish Central Business Register (CVR/Virk) was primarily used to identify companies
based on industrial classication codes and to obtain general company information such
as company size, location, and business activities. This provided a structured overview
of companies operating within the relevant subsectors. Google searches were used as a
supplementary tool to identify additional companies, production facilities, and publicly available
information regarding the industries. This was particularly useful for identifying smaller
companies and facilities that were not easily identi able through industrial classi cation codes
alone. In addition, industry-speci ¢ databases and company directories were used to identify
companies within particular subsectors, such as breweries and dairies. These databases provided
more targeted insights into speci ¢ industrial segments and supported the identi cation of
relevant companies. The combination of these sources enabled a broader and more systematic
identi cation process while improving the reliability of the case screening procedure.
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The nal case selection was also dependent on company willingness to participate in the
study. Following an outreach phase involving direct contact with companies, agreements were
established with Dragsbaek and Thisted Bryghus, which became the selected case studies for
this thesis. Therefore, the screening and prioritization process served primarily as a method for
identifying relevant candidates rather than as a strict exclusion process.

6.3.3 Data Collection

The data collection process consisted of a mixed-method strategy combining both quantitative
and qualitative methods in order to establish a comprehensive understanding of the selected
case studies.

Qualitative data collection included semi-structured interviews, e-mail correspondence, and site
visits. Which is further explained in the interview methodology in Section (6.4). Quantitative
data collection primarily involved analysis of company documentation and operational data
provided by the participating companies. This included energy consumption data and process
descriptions. The use of multiple data collection methods enabled triangulation, where
operational data could be compared to company documentation and to the data obtained from
the control system at the site visits. For instance, the process heat temperatures produced
by the centralized steam boilers were cross-checked by comparing the physical measurements
seen during the site visit with both the company's o cial documentation and their historical
operational data. This strengthened the validity of the ndings by allowing cross-veri cation of
information obtained through di erent sources.

The site visits served both descriptive and exploratory purposes. From a descriptive perspective,
the visits provided documentation and validation of the existing energy systems and fossil fuel
demand provided by the companies. This included a guided tour with the daily operator
and the contact person, where examination of their existing energy system, such as their
centralized process heat unit, infrastructure, speci ¢ processes, and control system, took place.
From an exploratory perspective, the visits provided insights into practical opportunities and
limitations related to electri cation. This included assessment of spatial constraints and existing
infrastructure layout under the guided tour. These observations provided a deeper understanding
of the case studies and generated insights that would not have been obtainable solely through
document analysis.

6.3.4 Energy Mapping

Following the data collection phase, the collected data were analyzed through a detailed energy
mapping and assessment of the existing industrial systems. The purpose of the energy mapping
is to establish a comprehensive understanding of the current energy systems and heat demand
requirements. These ndings are then used to identify suitable electri cation technologies and
design alternative systems tailored speci cally to the operational demands of each case study.
The technology assessment is further described in Section (8.2).

The selected case studies were analyzed and characterized in terms of their existing energy
systems and heat demand pro les. This included mapping of:

Existing energy infrastructure
Process heat demands
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Temperature requirements
Operational load pro les

This structure draws inspiration from bottom-up industrial electri cation methodologies, where
the analysis begins with the speci c characteristics and operational requirements of the industrial
case studies before identifying suitable technologies [Wiertzema et al., 2018]. This di ers from
top-down approaches that begin with prede ned technologies and subsequently seek industries
where they may be applicable [Wiertzema et al., 2018]. By adopting a bottom-up approach,
the technology selection process is grounded in the actual technical and operational conditions
of the case studies. This increases the likelihood that the selected technologies are realistically
applicable and technically feasible within the industrial context.

6.4 Semi-Structured Interviews

Interviews were conducted with key stakeholders to understand the challenges and opportunities
related to electri cation of the food and beverage sector in Denmark. Key stakeholders were
identi ed and interviewed based on their in uence, involvement, and interest. An e ort was
made to include interviewees with diverse expertise and roles within the value chain in Denmark
to ensure a comprehensive understanding of the transition for electri cation.

All interviews for this thesis followed a semi-structured format, allowing for prepared questions
and exibility during the interview [Adams, 2015]. The questions were tailored to each
interviewee's role concerning electri cation, based on background research on the organisation's
webpages and other relevant sources. Each interview began with an introduction of the scope
of this thesis, followed by general questions about the interviewee's company and their work
concerning electri cation and barriers to its transition. The interview then followed the questions

of the interview guide. The semi-structured format enabled specifying and follow-up questions,
allowing for deeper exploration of topics while still creating structure for the interview [Adams,
2015]. The interviews were recorded in accordance with the interviewees' acceptance for it.
However, the two case site interviews were not recorded, as the loud noises and moving around
the site meant it was not feasible to do, though notes were taken. Furthermore, the interview
with Viegand Maagge was also not recorded, as they did not wish for it, however it was acceptable
for the study group to take notes during the interview. A overview of the interviews conducted
can be found in Table 6.1.

Organization Interviewee Title Appendix Date
Viegand Maagge Jette Ellegaard Vejen Senior Advisor in Energy Management C 3. March
Arla Foods Bent Kristensen Senior Energy & Sustainability Manager D 4. March
GEA Group Riccardo Bergamini  Global Sustainability Manager E 18. February
Thisted Bryghus Theis Dalgaard Production Manager F 10. March
Dragsbaek Rasmus Chrisander  Data Specialist G 24. March

Table 6.1. Overview of conducted interviews, their organization, interviewee, title, appendix and date

Viegand Maagge: Viegand Maagge is a technical consultancy partner who has been part
of a national initiative on the Electri cation of the Food Industry [Elmegaard et al., 2021a].
Here they acted as a project coordinator, and they helped develop and demonstrate practical
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electri cation solutions, advised companies on transitioning from fossil fuels to electricity,
and supported the analysis of technological and economic feasibility for decarbonizing food
production processes [Landbrug & Fadevarer, 2023]. Jette Ellegaard Vejen who is Senior Advisor
in Energy Management for Viegand Maagg@e was interviewed on the 3rd of March 2026, since she
did not accept it to be recorded, a resume of it is made instead and can be found in Appendix C.
The interview aimed to get insight into the electri cation of the food industry project, what they
learned from it, what barriers they found, and what barriers there still needed to be resolved
for electri cation to further develop.

Arla Foods: Arla Foods is the biggest dairy company in Denmark and the fth largest in
the world [Arla, 2026a]. They have been actively focused on making their supply chain more
sustainable while also strengthening the resilience of production. To do this, they have invested
heavily in electri cation already and are thereby knowledgeable on the transition [Arla, 2026b].
Bent Kristensen, who is the Senior Energy & Sustainability Manager for Arla Foods, was
interviewed on the 4th of March 2026, and the transcription can be found in Appendix D.
The interview aimed to understand how a big company in the food and beverage industry saw
the transition to electri cation, what barriers were hindering it, and as a company that already
transitioning to electri cation, what made them prioritize it. Furthermore, the interview gave
insight into understanding how a big company makes decisions and what they focus on compared
to small and medium-sized industries.

GEA Group: GEA Group is a German engineering and technology company that supplies
systems, machinery, and process technology primarily for the food, beverage, and pharmaceutical
industries. The company operates in more than 150 countries and is one of the world's largest
suppliers [GEA Group, 2026]. Riccardo Bergamini who is Global Sustainability Manager for
GEA Group, was interviewed on the 18th of February, and the transcription can be found in
Appendix E. The goal of the interview was to understand GEA's perspective as a supplier on the
barriers to achieving electri cation, identify any technical limitations, and assess the maturity

of current electri cation technologies.

Thisted Bryghus:  The primary contact at Thisted Bryghus was Theis Dalgaard, who serves as
Production Manager. On the 10th of March, a guided tour of the facility was held, during which
Dalgaard detailed their daily operations, production processes, and the various technologies
currently in place. He also provided critical insights into operational demands, temperature
pro les, and other empirical data necessary for modeling their system. The primary objective
of this site visit and tour was to gain a comprehensive understanding of the brewery's day-to-
day functions and technical parameters. Following the tour, a semi-structured interview was
conducted to address speci ¢, technical questions that were not covered during the walk-through.
A resume of this can be found in Appendix F.

Dragsbeek: The primary contact at Dragsbaek was Rasmus Chrisander, who serves as Data
Specialist. On the 24th of March, a guided tour of the facility was held. The visit began with a
guided tour of the facility, during which Chrisander detailed their daily operations, production
processes, and the various technologies currently in place. During the tour, the opportunity
to speak with a Technical Manager came, who provided rsthand insights and explained the
nuances of their speci c processes in greater detail. This walk-through provided critical data
regarding operational demands, temperature pro les, and other metrics necessary for modeling
their system. The primary objective of this site visit was to gain a comprehensive, ground level
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understanding of the facility's day-to-day functions and technical parameters. Following the
tour, a semi-structured was conducted with Chrisander to address speci ¢ technical questions
that were not covered during the walk-through. A resume of this can be found in Appendix G.

6.4.1 Mail Correspondence

In addition to the initial interviews, the interviewees were later contacted via email to answer
follow-up questions, as further empirical data was required for the analysis. Vejen, Kristensen,
and Bergamini were all sent an email aiming to evaluate the chosen criteria for the MCDA.
Speci cally, they were asked whether they agreed with the selection or if they believed other
criteria could bene t the analysis. Bergamini was the only participant who responded. In his
reply, he shared his expertise on how to weight each system based on integration complexity,
provided feedback on the chosen criteria, and o ered additional insights. Furthermore, a di erent
email was sent to both case study representatives. They were asked to weight the nal MCDA
criteria based on their typical decision-making process when investing in a new technology or
system. Both case studies provided their weightings, which were subsequently used to develop
the two scenarios in the MCDA, as detailed in Section 9.2. This was done to accurately re ect
their respective priorities.

6.5 Industrial Heat Planner

This section describes the purpose, design, and validation of the tool, developed to evaluate and
compare electri cation investments for process heat in the Danish food and beverage industry.

6.5.1 Scope and Purpose

To evaluate alternative industrial heat supply systems for Thisted Bryghus and Dragsbeek, a
custom-built Excel-based simulation and decision-support tool, referred to as the Industrial
Heat Planner (IHP), was developed. The tool was speci cally designed to support hourly
simulation of local industrial heat systems while enabling consistent comparison of multiple
system con gurations under identical operating conditions.

A simulation-based approach was selected due to inherent uncertainty and complexity associated
with industrial energy system investment decisions. As discussed in the theoretical framework,
such decisions involve multiple metrics and uncertain future markets, as mentioned in Chapter
5. Simulation enables the representation of these dynamics by modeling the industrial context
under consistent and controlled assumptions, allowing alternative con gurations to be assessed
across identical operational conditions.

The decision to develop a custom tool rather than use established commercial software was
driven by the specic requirements of this study. The study required a process-specic tool
capable of operating with hourly resolution while simultaneously comparing multiple alternative
energy systems using a limited and case-speci ¢ set of input data. The tool was also required
to calculate a specic set of key performance indicators such as Levelized Cost of Heating
(LCoH) and Renewable Energy Share (RES) used for the evaluation in the MCDA framework.
In addition, the study opted for a direct integration with a MCDA framework within the same
modeling environment. EXxisting tools such as energyPRO, RETScreen, and OSeMOSYS provide
capabilities for local techno-economic hourly simulations of industrial energy systems and could
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therefore support parts of the requirements of this study [Natural Resources Canada, 2026; EMD
International, 2026; Barnes et al., 2022]. However, none of the before-mentioned tools did live
up to all the requirements without the need for further calculations in external software.

Developing a custom Excel-based tool, therefore, provided several advantages for this specic
application, such as the custom structure enabling direct integration between the simulation
outputs and the MCDA framework within a single modeling environment. Secondly, the
transparent structure of Excel improved traceability of calculations and simpli ed modi cation

of assumptions, operational strategies, and input parameters throughout the study.

6.5.2 Tool Structure

The Industrial Heat Planner (IHP) is an input-driven simulation tool developed to analyze
industrial heat supply systems. The tool integrates a techno-economic simulation that provides
the necessary input parameters for the integrated MCDA-based framework.

The structure of the tool is designed to make consistent comparisons across alternative
technologies, hourly operational resolution, and integrated techno-economic and MCDA
evaluation. Since each system must be evaluated under identical operating conditions while
using a shared dataset of heat demand, market data, and technology assumptions, a modular
structure is required to ensure transparency, consistency, and traceability across all scenarios.

The model consists of several interconnected components:

Heat demand input

Control panel module
Technical input

Simulation module

Market data input

Economic calculation module
MCDA evaluation framework

~

The integrated structure enables all scenarios to be simulated consistently using the same
methodological framework and operational assumptions for a comparative evaluation in the
MCDA framework. For managing the dierent input data required for the simulation and
calculations, dierent modules have been implemented. Each component will be further
described in the following subsections.

Heat Demand input

The simulations are driven by one hourly heat demand pro le re ecting how industrial energy
systems operate based on the production level. This demand prole serves as the primary
operational input against which both the existing baseline system and the alternative energy
systems are simulated and compared. This input is necessary to ensure that all system
con gurations are evaluated under identical operating conditions, thereby isolating the e ect
of technology choice on system performance.
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Control Parameters

The tool includes a centralized control panel containing the overall assumptions used throughout
the simulations. These parameters include:

Discount rate
Technology capacities

This structure enables consistent adjustment of key assumptions, such as discount rate, across
all simulated systems simultaneously from a single location. Furthermore, it includes the
technology capacities, which allow for rapid adjustment of the technology capacities for each
system, enabling iterative sizing of the technologies to determine suitable system capacities.

Technology Input

Technology-speci ¢ input data describe the operational characteristics of each energy technology
and determine how the technologies are simulated within the model. This input structure

is necessary to ensure that all technologies are evaluated using a consistent set of technical
assumptions. These technical parameters include:

Thermal e ciencies

Installed capacities

Technical lifetimes

Minimum operational loads

Storage capacities

Charging and discharging capacities

" Capital expenditures (CAPEX)

Fixed and variable operation and maintenance (O&M) costs

~

These parameters govern both the technical operation and the economic performance of the
simulated systems. Based on the simulated heat production and the e ciency of the technologies,
the model calculates the total fuel or electricity consumption required to satisfy the heat
demand. For electricity-based technologies, the electricity consumption is assumed to be directly
equivalent to its energy content. For the baseline natural gas system, the conversion from
delivered heat to natural gas consumption is based on the lower heating value (LHV) of natural
gas. The technology-specic input data additionally include xed and variable O&M costs
together with CAPEX, which are subsequently used in the economic assessment and calculation
of the LCoH. Fixed O&M costs include recurring costs regardless of the operation hours, such
as operating sta and time-scheduled maintenance, whereas variable O&M costs include the
operating costs excluding fuel costs, such as water usage or production-based maintenance
[Danish Energy Agency, 2026b].

Market Data

The market data are included for the calculation of operating costs and system economics.
The IHP applies a price-taker approach, meaning that the simulated systems are assumed to
respond to external market prices without in uencing the market itself [Jalving et al., 2023].
The operation of the technologies is therefore based on electricity and fuel price signals obtained
from external market data, while no market feedback e ects or price formation mechanisms are
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modeled within the tool. This approach was considered appropriate due to the relatively limited
scale of the analyzed industrial heat systems compared to the overall electricity and natural gas
market.

The model includes hourly market data for:

~

Electricity market prices

Natural gas market prices

Electricity tari s and taxes

Natural gas tari s and taxes

CO,-related costs and taxes

Electricity generation per production type

The market data are used for calculating fuel-related operating costs and the RES of the systems.
Fuel costs are calculated using the hourly fuel consumption together with the corresponding
hourly electricity and natural gas market prices. Additional fuel tari s and taxes are included,
such as electricity tari s and net metering. The RES is calculated using the electricity generation
per production type representing the hourly composition of the Danish electricity mix. The
market data used for this study is further described in Chapter 8 Section 8.1.

6.5.3 Simulation Module

The simulation logic for the Baseline, A1 and A2 follows a sequential deterministic input-
output structure, where the hourly heat is supplied according to the operational characteristics
and technical constraints of the technologies included in the system. The overall simulation
structure for these systems is illustrated in Figure 6.2. First, the model evaluates whether a
heat demand exists for the given hourly timestep. If a heat demand is present, the selected
technology produces heat according to the de ned operational characteristics and capacity
constraints. If no heat demand exists, the system remains inactive during that timestep. Based
on the simulated heat production, the model subsequently calculates the corresponding fuel
or electricity consumption using the technology e ciency and heating value assumptions. The
fuel-related operating costs are then determined using the corresponding hourly market prices
together with the xed and variable O&M costs associated with the technology operation. At
last, the techno-economic outputs can be calculated for the given analysis period determined in
the control panel module.
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Figure 6.2. Simulation logic for the Baseline, Al, and A2 systems.

The simulations are conducted using an hourly time resolution consisting of 8,760 hourly
timesteps per year. This resolution was selected based on the available data and the operational
characteristics of the analyzed systems. Hourly resolution enables the model to capture the
interaction between uctuating heat demand and variable electricity and natural gas market
prices. This ensures that peak demands, seasonal variations, and periods of low electricity
prices are represented. Depending on the selected analysis period, the yearly 8,760-hour
operating cycle is repeated for each year included in the simulation horizon. Annual costs are
accordingly multiplied by the number of analyzed years. This approach provides a simpli ed
representation of long-term industrial system operation under otherwise uncertain future market
and operational conditions. The approach assumes identical operational behavior and market
conditions for every simulated year and therefore does not account for long-term changes in
production patterns, fuel prices, electricity market developments, or operational disruptions.
However, this simpli cation reduces both input data requirements and computational complexity
while enabling transparent and comparable scenario analysis under consistent assumptions.

6.5.4 A3 Simulation Strategy

The A3 simulation is based on a rolling planning horizon approach, where operational decisions
are evaluated sequentially for each hourly timestep using expected electricity prices over the
following 24-hour period [Kyriakidis et al., 2025]. This enables the model to account for short-
term electricity price variations when determining charging, discharging, and direct heat supply
decisions. The use of a rolling horizon approach re ects the realistic industrial operating
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conditions, where future heat demand is not known with certainty over long time horizons
and operational decisions must therefore be made based on limited forward-looking information
[Kyriakidis et al., 2025]. The A3 system consists of an electric heater integrated in a molten salt
thermal energy storage system. The electric heater can either supply heat directly to the steam
generator or discharge the storage to satisfy the heat demand. The system can subsequently
charge the storage tank, while stored to satisfy future heat demand.

The overall operational logic of the A3 system is illustrated in Figure 6.3. Similar to the other
simulation approaches, the operation of the A3 system is driven by the hourly heat demand
pro le. For each hourly timestep, the model rst evaluates whether a heat demand exists.

1. Heat demand evaluation: If a heat demand is present, the system determines whether
it is economically preferable to supply the demand by discharging stored thermal energy or by
directly supplying heat using the electric heater. This discharge decision is based on a comparison
between the cost of supplying heat via storage discharge and the cost of direct electric heating.
The cost of discharge is represented by the average storage cost, while the cost of direct heating
is determined using the break-even electricity price together with the operational characteristics
of the electric heater.

2. Discharge decision: If su cient thermal energy is available in the storage tank and the
discharge decision is true, the system discharges thermal energy through the steam generator
according to the technical operating constraints of the storage system. If the discharged energy
is insu cient to satisfy the total heat demand, the remaining demand is supplied directly by
the electric heater. If the discharge condition is not satis ed or insu cient energy is available

in storage, the electric heater supplies the heat demand directly.

3. Charge decision: If the charging condition is satis ed, the storage system is charged
according to the technical charging constraints. Otherwise, no charging occurs during the given
timestep. Following the discharge decision, the model subsequently determines whether the
storage system should be charged during the given timestep. The charging decision is based on
whether charging the storage is considered economically preferable according to the break-even
electricity price strategy, while also considering available storage capacity and remaining electric
heater capacity.

4. System output calculation: Once the operational state of the electric heater and storage
system has been determined, the model calculates the corresponding electricity consumption,
operating costs, and techno-economic outputs using the same overall calculation approach as
applied for the baseline, Al, and A2 systems.

The mathematical formulations used for the charging and discharging decisions are further
described in the following subsections.
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Figure 6.3. lllustrated in the gure is the sequential simulation logic applied for the A3 system. The
model evaluates hourly heat demand together with charging decision (CD) and
discharging decision (DD) based on expected electricity prices, storage conditions, and
technical constraints in order to determine the operation of the electric heater and
thermal energy storage system.
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Discharge Decision

The discharge decision compares the cost of using stored energy with the cost of directly
supplying heat using the electric heater. The cost of stored energy consists of average storage
cost of stored energy from previous hours, discharge e ciency, and the variable O&M costs for
the storage. The electric heater cost consists of the break-even cost, variable O&M costs for the
electric heater, and electric heater e ciency.

discharge EH

DD

where:

ASC; is the average cost of stored energy in hout,

V OMstorage is the variable O&M cost of the storage system,
discharge 1S the discharge e ciency.

BE is the break-even electricity price

V OMEgy is the variable O&M cost of the electric heater,
eH is the e ciency of the electric heater

If the condition is satis ed, heat demand exists, and if there are no other technical constraints,
the system discharges thermal energy from the storage. Otherwise, heat is supplied directly
using the electric heater.

Charge Decision

The charging decision is determined by comparing the current electricity price and operational
costs from charging the storage with the calculated break-even price. The charging costs includes
the current electricity market price with nettari, variable O&M costs from the electric heater
and for storage and the e ciency of the electric heater and for charging. If the resulting
charging cost is lower than the break-even electricity price, the charging operation is considered
economically feasible, and the storage system is charged provided that su cient storage capacity
and technical constraints allow it. Otherwise, no charging takes place during the given timestep.

EP + VoMEH + VOMStorage

charge EH

CD = <BE

where:

EP is the current electricity price,
charge IS the charging e ciency,

Break-Even Formula

The break-even electricity price represents a weighted 24-hour forecast of future electricity prices,
where an exponential weighting function is applied to prioritize near-term price signals. The
electricity wholesale market price is used for the forecasting. The resulting value is used as a
threshold in the operational decision rules for charging and discharging within the A3 simulation.
The break-even electricity price is calculated as:
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where:

~

BE is the break-even electricity price,
EP; is the forecasted electricity price at hourt,
is the exponential decay rate,
t represents the hourly timestep within the following 24-hour period.

An exponential decay rate of 0.99 was selected based on a manual iterative process aimed at
minimizing the system's LCoH. Although this value could be further optimized using Excel's
built-in Solver in combination with the mean reversion factor, the current approach is su cient

for the scope of this study.

Average Storage Cost

The average storage cost is updated dynamically during operation based on the cost of previously
stored energy and newly charged energy. To account for storage value reduction over time, a
mean reversion factor is additionally applied when the storage level exceeds the minimum storage
capacity.

EP +V OMgy +VOM
ASCt 1 St l+ Ct 1 t 1 EH Storage

— charge
ASCr = St 1+ C 1 — 1 MR s, 1>Smin]

where:

ASC:; is the updated average storage cost in hout

C; 1 is the charged energy in the previous hout,

ASC; 1 is the previous storage cost in hourt,

EP; 1 is the previous electricity price in hour t,

St 1 is the stored energy level from the previous hout,
MR IS the mean reversion factor,

Smin IS Minimum storage capacity.

The mean reversion applied in this study is 10% based on a similar iterative process as for the
exponential decay rate.

6.5.5 Key Performance Indicators

Based on the MCDA framework, certain criteria are used for the evaluation of the alternative
systems. The criteria, or so-called indicators, calculated in the IHP are mentioned in the
following part.

Renewable Energy Share (RES)

The Renewable Energy Share (RES) is used as an indicator of the share of heat production
supplied from renewable energy sources. The de nition of RES in this study is de ned as
electricity generated from onshore wind, o shore wind, solar power, and hydropower, further
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described in Chapter 8 Section 8.1. For electricity-based systems, the RES depends on the
renewable share of the electricity grid at the speci ¢ hour of operation. For the baseline system
the RES is set to 0 as it is supplied by natural gas and therefore does not qualify under the
de nition of renewable energy sources applied in this study.

The RES of the electricity grid for this study is calculated based on the hourly electricity

generation mix excluding import and export. The renewable electricity share is determined by
dividing the electricity generation from technologies classi ed as renewable within this study by
the total hourly electricity generation:

Erenewable't
RESgigt = —(/———
Etotal it

where:

RESgriq;t is the renewable energy share of the electricity grid at houtt
Erenewable;t iS the electricity generation from renewable energy sources in hour
Etotal it IS the total electricity generation in hour t

~

The renewable share of the simulated systems is subsequently calculated by multiplying the
hourly electricity consumption of the heating unit by the renewable electricity share of the grid
for the corresponding hour:

Eres:t = Eboiler:t RESgrid;t

where:

Eres:t is the renewable energy contribution at hourt
Enoiler:t 1S the electricity consumption of the heating unit at hour t

~

The total renewable energy share of the system is then calculated as:

P

Enrc.
RESsystem = P— > 100

boiler;t

If no electricity consumption occurs during a timestep, the RES value is not calculated for that
hour in order to avoid division by zero. The RES indicator therefore re ects how the renewable
content of the electricity grid varies throughout the year and how this a ects the renewable
contribution of electricity-based heat production systems.

Levelized Cost of Heat (LCoH)

The Levelized Cost of Heat (LCoH) is used as an indicator for assessing the economic viability of
a given energy system. It represents the average cost per unit of thermal energy generated over
the entire lifetime of a system, thereby providing a consistent basis for evaluating energy systems
with multiple costs and no revenues included [Markussen et al., 2025]. By accounting for both
investment and operating costs over the lifetime of the system, the LCoH enables comparison
between systems with di erent cost distributions, e ciencies, and operational characteristics.
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The LCoH is calculated as:

P n O&My+Fy

log+ g LY
— _y=l sy
LCoH = P H,
y=1 (1+r)Y

where;:

" LCoH = Levelized Cost of Heat [EUR/MWh]

| o = Initial investment cost

O&My = Operation and maintenance cost in yeary
Fy = Fuel cost in year y

Hy = Heat production in year y

r = Discount rate

n = Operational lifetime of the system

y = The speci ¢ year of analysis

The discount rate applied in this study is 9%, based on real discount rates used by industrial
companies for investment decision-making in 2025 [KPMG, 2025]. The selected rate is intended
to re ect realistic industrial investment conditions and nancial expectations for industrial
energy projects. A real discount rate is applied to ensure consistency with the technology
data sourced from [Danish Energy Agency, 2026b], which is reported in xed prices excluding
in ation. The applied discount rate represents the time value of money used to reduce the
present value of future costs, thereby increasing the importance of upfront investment costs
relative to future operational savings. Furthermore, while public socio-economic evaluations
typically apply a lower social discount rate of e.g. 3.5% [Danish Ministry of Finance, 2023], this
study applies a higher 9% real rate to re ect the private industries' payback rates and premium
risks.

6.5.6 Veri cation and Validation

Energy modeling literature highlights that veri cation and validation are important components

in the development of simulation models and are necessary to establish con dence in the
credibility and applicability of model results [Jstergaard et al., 2022]. According to simulation
modeling literature, validation refers to the process of determining whether a model is an
acceptable representation of a real system for a speci c intended use and whether it satis es
the required level of performance and accuracy [Sargent, 2015]. Veri cation, on the other hand,
concerns con rming that the model has been implemented correctly and operates according to
the intended mathematical and logical structure [Sargent, 2015]. As the IHP is an input-driven
simulation tool, the veri cation and validation of the model primarily depend on the quality
and applicability of the input data and the operation of the model and its calculations.

Validation of Input Data

Simulation modeling literature emphasizes that the credibility and applicability of a model for
its intended use strongly depend on the quality, representativeness, and reliability of the input
data used in the simulations [Yuan et al., 2020]. Since the IHP relies on external input data,
validation of the input data is an important aspect of ensuring model credibility. To ensure that
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the selected data sources are representative of the analyzed systems and provide a satisfactory
level of accuracy for the intended case-study applications, statistical data together with case-
speci ¢ operational data have been prioritized throughout the development of the model.

Technical input data for the simulated technologies were primarily obtained from statistical
and technical data published, such as the technology catalogs by [Danish Energy Agency,
2026b]. These data include technology e ciencies, operational characteristics, investment costs,
and operational expenditure assumptions. Hourly electricity market prices and electricity
mix data were obtained from measured data provided by Energinets DataHub [Energinet,
2026a], while heat demand pro les and operational information were obtained directly from the
participating case studies. Using these measured and publicly available datasets improves the
realism and transparency of the simulations [Yuan et al., 2020]. However, uncertainties remain
due to simpli cation in operational assumptions with limited access to detailed operational
measurements from the case studies. Further validation could be achieved through access to
additional operational data from the case studies, including historical operating costs and speci c
natural gas costs. Such data would improve the possibility of validating whether the simulated
operation and calculated costs accurately represent the real systems.

Veri cation Through Model Comparison

A common approach for increasing con dence in simulation models is comparison against
established and validated modeling tools [dstergaard et al., 2022]. Although a model comparison
does not prove that a model is correct, it can strengthen con dence that the implemented
simulation logic and calculations behave consistently with recognized tools [Smiatek et al.,
2021]. The purpose of the veri cation process in this study is to establish that the IHP produces
technically reasonable results suitable for comparative analysis of industrial heat supply systems
under consistent assumptions.

To verify the operation of the IHP, selected system con gurations were compared with
simulations conducted in energyPRO. The comparison consisted of developing a comparable
energyPRO model representing the A3 system con guration. For this comparison, the dataset
for Dragsbaek was used. To simplify the comparison process and reduce the complexity of
con guring an equivalent system in energyPRO, a simpli ed representation of the A3 system
was used, consisting of an electric boiler and storage unit. The system was con gured using the
same technical input speci cations as implemented in the IHP, including technology capacities,
e ciencies, and operational assumptions. However, additional xed and variable electricity
tari s were excluded from the comparison due to the complexity of implementing identical cost
structures within energyPRO.

Di erent outputs were compared for validation of the operation of the system; these covered
the charge and discharge cycles and electricity costs. This allows for a direct assessment of how
each tool optimizes system behavior to minimize operational expenditures.

Parameter energyPRO IHP Percentage di erence (%)
Charge (MWh) 1742.9 2828.8 47.5
Discharge (MWh) 1622.6 2676.8 49.0
Electricity Cost (e) 300,007 326,034.6 8.3

Table 6.2. Comparison of veri cation results between energyPRO and IHP.
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The comparison shows that energyPRO achieved lower electricity costs compared to the IHP,
with total electricity expenditures approximately 8.3% dierence. In addition, energyPRO
operated the storage system with signi cantly fewer charging and discharging cycles, resulting in
approximately a 50% di erence. This indicates that energyPRO identi ed a more cost-e cient
utilization of the thermal storage system with fewer charging and discharge cycles. This will
further reduce the O&M costs compared to the IHP, resulting in lower overall system costs.

The comparison demonstrates that the IHP generally captures a reasonable operational behavior
of a storage system while producing economically reasonable results. The observed di erences
are primarily related to the dierent optimization approaches applied in the two tools.
energyPRO uses an optimization-based dispatch strategy that determines system operation by
minimizing operational costs over the whole simulation period while considering all technical
constraints simultaneously. In contrast, the IHP applies a rule-based heuristic simulation
strategy using a rolling planning horizon combined with simpli ed break-even price logic. The
IHP therefore evaluates charging and discharging decisions sequentially for each hourly timestep
based on the expected 24 hours of electricity prices rather than solving an optimization problem
across the entire simulation period. The results additionally indicate potential areas for future
model development. More advanced optimization-based dispatch methods, such as utilizing the
built-in solver in Excel for mixed-integer optimization, could potentially reduce unnecessary
charging and discharging cycles and improve the economic performance of the simulated storage
system. However, implementing such an approach would signi cantly increase both model
complexity and computational requirements compared to the simplied heuristic framework
applied in this study.

Since the comparison was conducted using a simplied system representation with fewer
cost inputs and operational constraints, the veri cation does not fully represent all system
con gurations implemented in this study. Separate verication of each individual system
con guration would still be required to fully assess the accuracy of all implemented calculations
and operational behavior. However, the remaining system con gurations apply a simple
simulation input-output strategy without any operational decision variables. Furthermore, the
veri cation was limited to a single dataset and operating con guration. Previous studies suggest
that simulation tools should ideally be veri ed against multiple modeling tools, datasets, and
operating conditions to evaluate the consistency and robustness of model outputs under varying
scenarios [Sorknaes et al., 2019; Jstergaard et al., 2022; Yuan et al., 2020]. Additionally, access
to measured operational data would further strengthen the credibility of the model results and
improve validation of the implemented operational strategies.

6.6 Multi-Criteria Decision Analysis Framework

Multi-Criteria Decision Analysis (MCDA) is a structured decision-support method for evaluating
and comparing alternative solutions across multiple criteria simultaneously [Abu Taha and
Daim, 2013]. By systematically incorporating both quantitative and qualitative factors, MCDA
helps decision-makers structure complex decisions, improve transparency in the evaluation
process, and make the basis for a decision explicit and reproducible. Rather than reducing a
decision to a single metric, MCDA allows multiple performance dimensions to be considered in
parallel, and through the assignment of weights to criteria, the method makes the decision-
maker's priorities visible and traceable [Abu Taha and Daim, 2013]. MCDA is a frequent
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applied framework for structuring investment decisions in energy planning due to its ability

to include multiple perspectives such as economic, technical, environmental, and organizational
indicators that can characterize the specic investment context in this domain [Bhatia and
Williams, 2023]. The complexity of these decisions, as discussed in Section 5.2, can lead to
hesitation or delays in electri cation investments. This is further supported by Bent Kristensen,
who highlights that electri cation projects often struggle to progress without a structured
decision framework and strategic commitment from management D, underscoring the practical
need for a structured analytical tool that can support industrial decision-makers in evaluating
electri cation alternatives.

The MCDA framework is embedded in the IHP tool further described in Section 6.5, which
includes the ability to incorporate both quantitative and qualitative indicators within the same
evaluation framework to better re ect a realistic decision-making environment. A dedicated
weighting mechanism embedded within the tool also allows the relative priority of each criterion
to be adjusted, enabling the comparison of alternative systems from the perspective of di erent
decision-maker priorities.

The MCDA methodology applied in this study is structured according to the steps outlined

in Figure 6.4. The rst step involves identifying the evaluation categories that re ect di erent
stakeholder perspectives incorporated into the framework. Next, speci c criteria for evaluating
the energy system are de ned and mapped to their respective categories. To accommodate
gualitative metrics, these criteria are quanti ed using a uniform scaling method, enabling the
normalization and comparison of all indicators regardless of their original scales. Weights are
then assigned to the criteria to re ect di erent decision-makers' priorities.

Figure 6.4. The structure of the MCDA frameworks' six main steps starting from left to right

6.6.1 Identi cation of Categories

The evaluation categories applied in this MCDA framework are grounded in the Technology
Concept theory described in Section 5.1, supplemented by insights from the literature review in
Section 6.1. The literature study highlighted the importance of the environmental category and
identi ed a current research gap regarding the inclusion of a broader energy market category.
By integrating these dimensions, this study expands the scope of existing MCDA research while
keeping the analytical lens of the theory intact.

6.6.2 Identi cation of Criteria

As identi ed in the problem analysis, existing studies focusing on the food and beverage industry
in Denmark have relied on a limited set of evaluation criteria. Based on the identi ed categories,
this study focused on including a broader set of criteria for the evaluation of electri cation
systems. The identi cation of criteria follows a triangulation approach, drawing on three
complementary sources to ensure its relevance. First, a review of existing energy system
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MCDA literature, described in Section 6.1, provided a set of commonly applied criteria across
multiple studies. Second, semi-structured interviews with industry stakeholders contributed
to the identi cation of criteria used currently in the eld and suggestions for which should
be prioritized in the future. This is speci cally the integration complexity highlighted as an
important criterion for evaluation of electri cation systems. Third, insights from the case study
interviews informed the selection of criteria relevant to the speci ¢ context of the Danish food
and beverage industries. The case study interviews gave insights into criteria such as space
requirements and CAPEX that were important for them when evaluating energy systems but
are underrepresented in current literature. The combination of these three sources ensures that
the criteria re ect both what the literature considers important and what practitioners nd
relevant for decision-making in practice.

Prior to nalizing the set of criteria, each criterion have been assessed against two quality
checks: discrimination and redundancy. The discrimination check evaluates whether a criterion
produces di erent scores across the alternative systems under evaluation. A criterion that scores
identically, or near identically, across all alternatives provides no decision-relevant information
and risks adding noise to the analysis without improving its validity [Greco et al., 2016]. Criteria
failing the discrimination check were either removed from the framework or reformulated to
better capture a dimension along where the alternatives di er.

The redundancy check evaluates whether two or more criteria measure the same underlying
dimension. Including redundant criteria e ectively double-weights a single aspect of

performance, introducing bias into the evaluation [Pelegrina et al., 2022]. Where redundancy
have been identi ed, criteria were either merged into a single composite criterion or the less
cited criterion of the two have been removed.

The validated criteria set have further been reviewed by the stakeholder interviewees and case
study representatives to con rm their relevance within the speci c context of the study.

6.6.3 Assigning Criteria to Categories

Each criterion have been assigned to the category it most directly corresponds to, based on the
theoretical de nitions established in Section 6.6.1. If a criterion could plausibly belong to more
than one category, it have been placed according to its primary function.

6.6.4 Quanti cation of Criteria

The quanti cation of criteria consists of two steps: de ning a scoring scale and assigning scores
to each alternative system based on each criterion [Greco et al., 2016].

A uniform ordinal likert inspired scale from 1 to 5 is applied across all qualitative criteria,
where 1 represents the least favorable performance and 5 the most favorable [Greco et al., 2016;
Robinson, 2014]. For qualitative criteria, Integration Complexity and Grid Service Participation,
scores are assigned based on a structured rubric developed from literature and stakeholder
interviews, ensuring that qualitative judgements are applied consistently and transparently
across all alternatives. For quantitative criteria, such as levelized cost of heat and technology
e ciency, scores are derived directly from calculated or documented values and used directly in
the next step, Normalization of Criteria.

41



6.6. Multi-Criteria Decision Analysis Framework Aalborg University

6.6.5 Normalization of Criteria

Prior to rating, all criteria scores are normalized using linear min-max scaling to ensure
comparability across criteria measured on di erent scales [Julio et al., 2022]. The normalization
maps each score to a value between 0 and 1 according to:

min .

Xj Xij

X_min ¥ max
J J

I‘ij =

where rj; is the normalized score of alternativei on criterion j, xj is the raw score, andxjmin
and x"® are the minimum and maximum scores observed across all alternatives for criterioj.
For criteria where a lower value represents better performance, such as cost or emissions, the
formula is inverted accordingly. This ensures that a normalized score of 1 always corresponds to
the best-performing alternative on a given criterion, regardless of whether the underlying scale
is bene cial or disadvantageous.

6.6.6 Weighting of Criteria

The weighting of criteria is conducted through a scenario-based approach to simulate di erent
decision-makers' prioritization in energy system investment decisions. This is to show how
di erent prioritizations may lead to di erent conclusions about which alternative energy system
performs best. This has been used in previous studies for the same purpose to better compare
and assess the best-performing system under di erent prioritization of criteria [Julio et al.,
2022; Barney et al.,, 2022]. Additionally, the scenario-based approach makes the sensitivity
of the results visible, showing how the ranking of alternatives may change as priorities shift
[Julio et al., 2022]. Furthermore, the scenarios can reveal which prioritizations inherently favor
electri cation over the fossil fuel baseline, providing insight into not only which electri cation
technology performs best under a given set of priorities but also under which conditions the
electri cation systems become the best-performing ones.

Weights are assigned at the criteria level, where each weighting re ects a speci c strategic
priority, such as economy, environment, or technical performance, that matters most to a given
decision-maker. Additionally, have case-speci c weightings been included for giving insights
into what industrial stakeholders prioritize and which systems perform the best under this
prioritization? The following weighting scenarios are applied:

Equal weighting

Industry perspective from Case Study Dragsbaek
Industry perspective from Case Study Thisted Bryghus
Economy- rst

Environment- rst

abrwbdhpE

Within each scenario, criteria are given a weighting based on their relevance to the specic
scenario. For instance, the RES criteria is prioritized highly in the Enviromental scenario due to
its in uence of the systems consumption of renewable energy. This approach keeps the weighting
process focused on strategic priorities, re ecting di erent decision-markers prioritization while
giving speci ¢ weightings to the criteria included in the framework. The approach additionally
includes speci c prioritizations from industries, giving real-life insights into their prioritization.
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Case Study Characterization

This chapter presents the two case studies that form the empirical foundation of the project.
The cases are introduced through descriptions of their production processes, energy systems,
and organizational contexts, providing the necessary background for the analyses conducted in
the subsequent chapters.

The chapter includes an introduction to the case companies, establishing the industrial context
of the study, followed by an energy mapping that provides an overview of their energy systems,
process heat demands, and current heat demand pro les.

7.1 Case Introduction

Thisted Bryghus and Dragsbaek have been selected as case studies due to both companies
being part of the Danish food and beverage industry, their company size, dependency on
fossil fuels, and relatively low-temperature process heat requirements tting the scope of this
study. Both companies operate energy-intensive production facilities and rely on fossil-based
boilers for process heating, making them suitable cases for designing and evaluating alternative
electri cation systems within the MCDA framework developed in this study. The selection of

the cases is based on the case selection methodology introduced in Section 6.3.

Thisted Bryghus is a Danish regional brewery located in the northwestern part of Jutland and
was established in 1902. It is a small-sized company employing approximately 40 people [Theis
Dalgaard, 2026]. In 2025, the company reported a revenue of DKK 58,793,000 and a prot
of DKK 18,969,000 [Pro .dk, 2026b]. Thisted Bryghus produces a wide range of specialty
beers and soft drinks. Beer production involves several heat-intensive processes required to
transform raw ingredients into nished products. One key step is the boiling of wort, which

is the sugar-rich liquid extracted from malted grains during the mashing process. Additional
thermal processes include pasteurization and cleaning. To supply the required process heat,
Thisted Bryghus operates a centralized mixed-fuel boiler capable of using both oil and natural
gas for steam generation [Theis Dalgaard, 2026]. The production of beer and soft drinks accounts
for approximately 4.17% and 1.48%, respectively, of the total energy consumption within the
Danish food and beverage sector. In 2022, fossil fuels accounted for approximately 63% of the
energy consumption in beer production, with the remainder being supplied by electricity 35% and
district heating 0.1%. Fossil fuel consisted of 54% in soft drink production, including electricity
46% and biomass 0.1% [Dragborg et al., 2022a]. Although the production of Danish beer and
beverages is dominated by large corporations, there is a large number of breweries, approximately
207, in Denmark [Danish Brewers' Association, 2026]. As a result, Thisted Bryghus represents
a broader group of small and medium-sized breweries in Denmark.
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Dragsbaek Margarinefabrik is a Danish margarine producer headquartered in the northwestern
part of Jutland. Founded in 1923, the company operates 4 margarine production sites, including

a facility located in Thisted. Dragsbeek is a medium-sized company employing approximately 150
people, of whom around 40 are based at the Thisted production facility [Rasmus Chrisander,
2026]. In 2024, the company reported a revenue of DKK 157,209,000 and a prot of DKK
77,050,000 [Pro .dk, 2026a]. The Thisted facility produces a range of plant-based margarine
products for both industrial and consumer applications. The production processes require
substantial amounts of heat throughout several stages, including emulsi cation, pasteurization,
and cleaning. Process heat is primarily supplied through a centralized natural gas boiler, which
generates steam used across the production system [Rasmus Chrisander, 2026]. This case study
focuses speci cally on the margarine production facility located in Thisted. The margarine
industry accounts for approximately 0.4% of the total energy consumption within the Danish
food and beverage sector, of which around 46% is based on fossil fuels, 54% on electricity and
0.1% on district heating. While this share is relatively small compared to the overall energy
demand of the food and beverage industry, it is signi cant considering Dragsbaek is the only
margarine producer operating in Denmark. Consequently, the case study provides insight into
the decarbonization challenges faced by medium-sized food manufacturing companies.

While the cumulative emissions from these companies may be lower than those of the largest
industries, achieving long-term climate targets such as the 100% CO2 reduction in 2045 [Ministry
of Climate, Energy and Utilities, 2024] requires emissions reductions across all segments of the
industry.

The geographical locations of the case study production facilities are illustrated in Figure 7.1.
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