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Abstract

Germany’s ongoing energy transition to climate neutrality and decarbonization of all sectors
poses unique challenges. Electrification is one promising option to decarbonize the steam gen-
eration in the industrial sector. Optimal operation regarding minimal electricity costs and green-
house gas (GHG) emissions in a system configuration with an electrode boiler and a modern
heat battery is explored in a mixed integer linear programming (MILP) model with hourly re-
solved data for the year 2023 and 2024. The results, which considered different storage and
steam generator capacities, show a significant dependency on steam demand profile, electricity
data and objective, where the optimal solution with the smallest trade-offs between both objec-
tives is defined in a pareto front. The costs optimization shows 8.22 % lower costs in 2024 and
7.11 % in 2023 compared to the GHG emissions optimization, while GHG emissions optimi-
zation shows 6.82 % lower GHG emissions in 2024 and 5.04 % in 2023. A comparison of the
levelized costs of heat (LCOH) within the electrified system configuration and a conventional
natural gas-fired water-tube boiler reveals a significant economic gap, where the conventional
system configuration is 20.58 % cheaper in 2024 and 31.62 % in 2023. The impact of modified
electricity is explored in this regard to figure out how the mechanism could serve as an incentive
to enhance demand side flexibility. The intended function of the mechanism is to reduce elec-
tricity prices with low GHG emissions and to amplify prices with high GHG emissions to such
an extent, that electrified systems become economically competitive with conventional ones.
The modification is based on offsets with newly set average prices and amplification factors.
The resulting findings show that system configurations with two independent steam generation
paths oppose exploitive behavior in the presence of increased negative prices and leading there-
fore to additional GHG emissions. In this specific scenario, offsets have proven to be a better
modification, reducing electricity costs to the desired level, while showing the lowest increase
of GHG emissions. Recommendations for future works include the exploration of further mod-
ification mechanisms, that could reduce or eliminate the exploitive behavior. The Optimization
should also be further explored in realistic applications with consideration of (modified) day
ahead electricity prices and their GHG emissions under loosened demand profiles.
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1. Introduction

Anthropogenic climate change poses unique challenges to the modern society and risks with
potentially devastating consequences. Loss of land, human migration, changes in crop yields,
changes in energy supply, changes in demand and supply for goods and services or large-scale
disruptive events are a few consequences to mention (OECD, 2015, p.11). The beginnings can
be traced back to the era of industrialization, associated with the increase of athmospheric
carbon dioxide (CO2) concentration and an increase of the global average temperature (Hehl,
2021, pp. 56-57). The temperature increase occurs due to greenhouse gases (GHG) like CO»,
being able to absorb light in the infrared spectrum and emit a part of it back towards the earths
surface (Golze, 2024, p. 286). While other GHG such as Methane or Nitrous oxide also make a
significant contribution, CO; accounts for the largest share of global emissions with almost 75%
in 2023 (Jones et al., 2024). In the given context the world meteorological organization (WMO,
2025) already records for the first time an increase in the global average temperatur above 1.5
°C with 1.55 °C £ 0.13 °C in 2024 compared to the global average temperature of the pre-
industrial level of 1850-1900.

Legal obligations have been established in the past to achieve climate targets. The Paris
agreement was adopted by 195 parties in 2015, declaring one of its main global climate targets
in Article 2 (a) as “Holding the increase in the global average temperature to well below 2°C
above pre-industrial levels and pursuing efforts to limit the temperature increase to 1.5°C above
pre-industrial levels” (UNFCCC, 2015, Paris Agreement, Art. 2a). This was followed by the
European regulation 2021/1119, which obliged the states of the European union (EU) to take
measures to achieve the declared climate targets of net GHG neutrality for the entire EU by
2050 (EU, 2021, Regulation 2021/1119, Art. 1) and a national greenhouse gas reduction of at
least 55% by 2030 (EU, 2021, Regulation 2021/1119, Art 4. Para. 1). Germany being one of the
largest GHG emitters in the EU27 (Crippa et al., 2023, p. 13), adjusted their climate protection
law (Klimaschutzgesetz) in alignment with the regulation 2021/1119 and set more ambitious
climate goals nationally by reaching a GHG emission reduction of 65 % by 2030 and net GHG
neutrality by 2045 (Bundesregierung, 2024, KSG, § 3).

Decarbonization of all sectors is the main preventive measure in this context. The thesis focuses
on the decarbonization of steam generation, which has a large share of approximately 40 %
(Rehfeldt et al., 2019, p. 1) in the generation of process heat within the industrial sector, among
various industries (Fleiter et al., 2023, p. 5). Public policies mainly promote measurements of
hydrogen usage, electrification and carbon capture utilization and storage as best solutions for
decarbonizing the industrial sector (Hansen et al., 2024, p. 1149). Electrified flexible steam
generation bears challenges related to the volatile nature of renewable energy generation, their
integration into the public grid and the related load shifting. Periods of high renewable energy
availability can result in surplus electricity that the grid cannot fully absorb due to limited grid
infrastructure or surpassing local storage capacity (Agora Energiewende, 2014, p. 12). Surplus
electricity must be stored, exported and generation curtailed, but this is not always possible and
therefore negative electricity prices can occur on the electricity exchange (Dengler & Peters,



2025, pp. 4, 9). A further challenge is to overcome the price gap between significantly cheaper
natural gas (NG) prices and electricity prices (Destatis, 2024; BDEW, 2025, p. 16).

1.1. Literature Review

The current technological state of art enables the technical possibilities to fully electrify the
industrial steam generation. High-temperature heat pumps cover steam demand up to maximum
temperatures of 250 °C with coefficients of performance (COP) up to 2.5 (Klimaschutz- und
Energieagentur Niedersachsen GmbH, 2024, p. 5), while an electrode boiler (EB) can reach
steam temperatures up to 500 °C (Fraunhofer ISI, 2024, pp. 8, 11). Fleiter et al. (2024, p. 9)
pointed out, that an improvement in flexibility of the current production processes is possible,
but related to additional costs, which must be compensated. It is further emphasized that load
flexibility and hybrid systems are key aspects to integrating volatile renewable energy and can
unlock unused potential, if supported by appropriate regulatory frameworks and political
measures (Fleiter et al., 2024, p. 9). Incentive measures of the past regarding the industrial
electricity price include the abolition of the “Erneuerbare Energien Gesetz” (EEG) surcharge
by 2023 and the sharp decrease of the electricity tax by 2024 (BDEW, 2025, p. 25)

Studies exploring industrial system configurations with electric boilers and steam accumulators,
confirm a significant potential for shifting load up and down relative to observed baseline op-
erational schedules, enabling participation in balancing markets. Borst et al. (2021, pp. 1, 11,
17) simulated a paper-industry steam network, reporting flexibility potentials of up to 10 MW
in a overbuild bivalent system configuration including an electric boiler and a fossil boiler in
comparison to a 0.8 MW with steam storage alone, but also conclude that fixed surcharges and
taxes in German electricity tariffs prevent profitable flexibility marketing.

Similar bivalent system configurations have been modeled by Cantu-Rodriguez et al. (2024, p.
16), which adjusts NG steam generation with electric boilers and steam storages using a mixed
integer linear programming (MILP) model, showing that these adjustments improve profitabil-
ity due to steam storages and reduce GHG emissions, where electric boilers combined with
steam storages resulting in the highest GHG reduction. Magni et al. (2024, pp. 5, 7) explored
the benefits of high temperature heat pumps in combination with a thermal energy storage di-
mensioned to provide 3 hours of thermal load using an open-source optimization tool. The re-
sults conclude significant GHG reduction by 84.4 % and reduced costs by 9.6 % in comparison
to NG-fired steam generation, further implying great potential to reduce curtailment in scenar-
ios with high penetration of renewable energy sources (Magni et al., 2024, p. 12).

Wolfet. al (2023) used a linear programming (LP) model to investigate the effects of load shift-
ing in the context of industrial steam generation for a German pet food industry. The results of
the study point out decreased optimized GHG emissions by 7.1 % in 2017, 8.2 % in 2018, and
9.6 % in 2019 and a simultaneous decrease in electricity costs by 5.3, 6.1, and 9.6 %. The
operation after optimized electricity costs reduces the total costs even stronger with 24.0 % in
2017, 19.6 % in 2018, and 21.7 % in 2019, but results in insufficient decrease of GHG emis-
sions, where a slight increase for the year 2018 can be noticed. Further on, a correlation between
increasing steam accumulator capacity and decreasing GHG emissions is emphasized under the
consideration of different capacities. The resulting conclusion includes recommendations to
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investigate methods of alignment for electricity prices and their associated GHG emissions.
(Wolfet al., 2023, pp. 1-2)

The effects of implementing a thermal chemical energy storage into an industrial steam gener-
ation system have been investigated by Backofen et al. (2022), analyzing varying charging and
discharging reactor sizes under optimization of electricity costs and GHG emissions. The opti-
mization was performed with a MILP model, containing the logic of penalties with 100 € for
each startup charging process of the storage. Results of the sensitivity analysis proofed, that
reactor sizes can be chosen to maximize financial saving up to 1 million € per year and reaching
a CO; reduction up to 2.5 kt CO,. The study examines further GHG saving potential with the
assumed decrease in the grid GHG emissions down to 40 gCO2eq/kWh, concluding that savings
of 18.5 kt CO» per year are possible. The largest impact on the financial savings is contributed
to the electricity and NG prices. (Backofen et al., 2022, pp. 5, 7, 9-10)

Schiitte & Timmerberg (2024) examined modified electricity prices for hydrogen production
with the electrolyzer, concluding promising possibilities to achieve cost-effective outcomes un-
der flexible demand shifting. The observations are based on a given annual demand of hydrogen
and a targeted levelized cost of hydrogen with varying price series and nominal electrolyzer
power. Highly amplified price series show to require a higher flexibility with a higher nominal
electrolyzer power with lower operational hours and higher subsidies, while lower amplified
price series result in the opposite outcome. The conclusion recommends the economic and eco-
logical evaluation under varying system parameters in a sensitivity analysis for future works.
(Schiitte & Timmerberg, 2024, pp. 2, 5-6)

The mentioned recommendations are considered in the underlying thesis, exploring an electri-
fied system configuration with fixed nominal capacities under the impact of modified price
series. The observed system configuration includes two independent generation paths, where
different dynamics are expected throughout the modeling. The research addresses a current gap
by evaluating modern sensitive storage technologies, specifically designed for the purpose of
decarbonizing the industrial sector, in combination with modified price series and their potential
to function as an incentive instrument for demand flexibility, while minimizing electricity costs
and GHG emissions. The intention is to make use of this correlation between electricity prices
and grid GHG emissions by reducing the electricity prices for lower GHG emissions and am-
plifying them for higher GHG emissions.

1.2. Objectives of the Thesis

The Thesis aims to explore the potentials of decarbonizing the German industrial sector by
modeling electrified system configurations for flexible steam generation. The modeling meth-
odology considers MILP with the objectives of minimizing total electricity costs and total GHG
emissions while satisfying fixed steam demand profiles for the year 2023 and 2024. The elec-
trified system configuration includes two independent generation paths, consisting of an EB
and a modern heat battery (HB) coupled with a water-tube boiler (WTB). Charging of the HB
happens with a resistive electrical heater (REH).



The development of the model achieved under consideration of the provided theoretical back-
ground information based on the latest scientific findings and data from literature. The context
is given by stating the general energy consumption, the share of the industrial sector and the
associated GHG emissions. Electricity prices play a crucial role, because modified price series
are considered as an incentive mechanism for demand flexibility throughout the optimization.
An overview of steam generation and storage technologies follows, focusing on reflecting tech-
nical conditions, constrains and operational flexibility throughout the modeling process.

The results for both objectives of the optimization are assessed in an ecological and economic
evaluation based on the electrified levelized cost of heat (LCOHEgL) and total GHG emissions.
The sensitivity of the system is then analyzed by isolating the storage capacity, the nominal EB
and WTB power of system configuration and varying them for both annual demand profiles
and objectives. Finally, modified electricity prices series with different amplifications and av-
erage annual price offsets are considered, where the comparison to the reference NG-fired is
made to highlight the most suitable modified price series to reduce LCOHgL down to the level
of the resulting reference levelized cost of heat for the natural-gas fired system configuration
(LCOHNo).

The conclusion aims to analyze the impacts of the incentive mechanism to minimize both ob-
jectives while making the electrified system profitable. General realizations, applicable to sim-
ilar system configurations are derived and limitations of the model are discussed with the out-
look for improvement for future works.

1.3. Research Questions

The following research questions are investigated throughout the underlying work to meet the
objectives stated above.

a) How can industrial steam generation systems be modeled to reflect technical constraints
and operational flexibility under varying electricity price signals and ghg emissions?

b) How do different system configurations with varying storage capacities, generator power
and demand profiles affect the sum of GHG emissions and the LCOHEgL?

c) What impact do modified electricity prices signals with different amplifications and set
annual average electricity prices have on the total electricity costs and GHG emissions?

d) Which modified electricity price series are suitable for making the LCOHgL competitive
with the LCOHng from NG-fired system configuration and which general conclusions
regarding the price modification can be drawn?

2. Theoretical Background

This chapter provides the necessary theoretical knowledge to comprehend the methodology and
results that follow. Electricity is the main energy carrier throughout the modeling for industrial
steam generation, either used in direct steam generation with the EB or in power to heat with
the HB. Understanding how electricity is distributed and integrated into the grid with the asso-
ciated GHG emissions, is important in this context. emphasizing the importance and
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characteristics of steam in the industrial sector creates the foundation to explain the impact of
flexible demand shifting, enabled by heat storage technologies and electrified steam generators
by an overview of current state of art technologies.

2.1. Energy Generation in Germany

“Energiewende” is a central term that describes the German energy transition towards sustain-
able and decarbonized energy systems. In this context, several important milestones can be
mentioned such as the adaptation of renewable energies, electrification of the industry or im-
portant policy adaptations like the EEG, rewarding electricity feed-in from renewables. In con-

trast, the phase-out of coal is progressing, while nuclear energy and Russian gas have been
already completely phased-out. (Chen, 2024, p. 1; [EA, 2025)

2.1.1. Supply and Demand

Germany is one of the most energy intensive countries in the European union, ranking the high-
est energy supply in 2022 with 11.36 Exajoule (EJ) (IEA, 2025). The German federal environ-
mental agency (UBA) states the primary energy consumption of 2022 slightly higher with
11.8 EJ (UBA, 2024), although a significant decrease of 20.5 % happened in comparison to the
year 1990 (UBA, 2025). The contribution of the industrial sector is at 31.9 % with 3,768 Peta-
joule (PJ), considering heat and electrical energy (UBA, 2024). Figure 1 illustrates an overview
of the various industries and their primary energy demand in the industrial sector in 2022.

Repair, maintenance, and  m Textiles, clothing, leather and
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Figure 1: Share of primary energy consumption in different German industries for 2022
(UBA, 2024)



Available data for the year 2022 gives an insight into the final energy consumption of the in-
dustrial sector by energy source. Three of the most dominant energy sources are hard coal and
lignite with a share of 10.3 %, NG with a share of 34 % and electricity with a share of 33.4 %,
resulting in a total final energy consumption of 2246.4 PJ (IEA, 2025). Around two thirds of
the total energy consumption is contributed to process heat generation, mainly covered by the
usage of fossil fuels (Fraunhofer ISE, 2024). Since electricity generation shows a steadily grow-
ing share of renewable energies, the electrification of process heat offers great potential for the
decarbonization of the industrial sector. However, the usage of the full production potential is
limited by the grid infrastructure in Germany, where there is a risk of overload during times of
too high production, which needs to be curtailed. This is especially for the volatile nature of

wind and photovoltaic generation the case, resulting in high amounts of redispatch curtailment,
illustrated in the figure 2.
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Figure 2: Amount of energy reduced by redispatch curtailment measures by energy source in
Germany (Bundesnetzagentur, 2025)

Curtailment is not always preferred due to additional costs associated with long ramping times
of conventional power plants and the preference to fed in renewable energy sources into the
grid, resulting in negative electricity prices (Halbriigge et al., 2024, p. 611). With renewables
making up 59% of the electricity mix in 2024, increasing by 3% in comparison to 2023, The
number of hours with negative electricity prices increased as well from 301 to 457 (Bundesnet-
zagentur, 2025). This increase is understood as an indicator of lacking flexibility in generation
and demand (Halbriigge et al., 2024, p. 611), because flexibility allows to stabilize the demand
in undersupplied periods without additional electricity generation (Agora Energiewende, 2025,
p. 12). To evaluate load management, flexibility is addressed by the consideration of hourly
resolved data for electricity prices and the associated grid GHG emissions throughout the mod-
eling. Associated GHG emissions of electricity generation stating a development of the average

emission factor with a decrease of 51 % for 2022 reaching 369 g CO2eq/kWh compared to 1990
(Icha & Lauf, 2023, p. 18).



Emissions in the industrial sector emerge mainly due to combustion of fossil fuels, electricity
generation at the industrial site and during processing of materials like coke, limestone and lime
in energy-intensive industries (KEI, 2025). Figure 3 gives an overview for the industry specific
GHG emissions for the average GHG emissions between 2018 and 2024 after the categorization
of the common reporting format (CRF) adopted by the United Nations Framework Convention
on Climate Change (UNFCCC, 2023). The highest amount of GHG emissions emerge in the
sector of “1 A 2; Manufacturing and construction”, which includes the highest shares in the
undefined “1 A 2 g - Other” sector and the iron and steel production, while the mineral industry
accounts for a significant cumulative share of 18 % (UBA, 2025). Further context to the “1 A 2
g” sector is described by the inclusion of various industrial combustion and power plant pro-

cesses across different industries (UBA, 2023), implying the importance of electrification.

1 B
m B2

M1 A2 a;lron and steel industry

E1 A2 b; Non-ferrous metals

E1 A 2 f; Mineral industry

01 A 2 g vii; Construction-related transport
W1 A 2 g viii; Other

@2 A; Mineral industry

W 2 B; Chemical industry

B 2 C; Metal manufacturing

B 2 D; Non-energy products from fuels

B 2 F; Applications as ODS substitute

M 2 G; Other product manufacturing and uses

Figure 3: GHG emissions by industry categorized by the common reporting format for the av-
erages from 2023 to 2024 (UBA, 2025)

2.1.2. Electricity Exchange and Grid Infrastructure

Germany contains one single bidding zone for the whole country where electricity is traded to
uniform prices (Dressler et al., 2025, p. 6). In the year 2006 market coupling started the inter-
connection of wholesale electricity markets within different bidding zones to form a European
grid with minimized price differences between countries (EPEX Spot, 2022, p. 1). Germany
integrated its bidding zone in 2010 with Belgium, France and the Netherlands, establishing a
common calculation for day-ahead and intraday market prices (Bundesnetzagentur, 2025).
More EU-countries joined in the following years, resulting in the expansion of the coupled day-
ahead and intraday markets, now including a total of 26 countries (ENTSO-E, 2025, pp. 22,
25).



118 1922 3727

Figure 4: Number of industrial companies by
regions in Germany (Listfix, 2025)

Figure 5: Installed wind energy capacity in
MW by region (Strom-Report, 2025)

Domestically, the insufficient electricity tran-
sition capacity of the German grid brings up
the need of increasing redispatch measures
with the increase of renewable shares in the
electricity generation (Titz et al., 2023, p. 1).
In the context of industrial demand, geograph-
ical inequalities appear between south and
north Germany, illustrated in figure 4, imply-
ing higher industrial electricity demand in the
southern regions than in the northern. The
large share of generated electricity by wind
energy occurring in the northern regions
(Strom-Report, 2025), illustrated in the figure
5, can be transmitted only in limited amounts
to the south, partially explaining the high cur-
tailment of wind energy in figure 2.

Since storing electricity in big amounts is
challenging in comparison to other energy car-
riers like coal or NG, day-ahead and intraday
markets are one essential part of the exchange
where electricity is traded over short periods
of time to balance out supply and demand
while ensuring a stable grid frequency. Trad-
ing on day-ahead and intraday markets has the
advantage that the traded volume of electricity
can be better estimated, but the disadvantage
of economic assessment for larger volumes of
electricity, linked to the fluctuating prices. In
contrast, future market trading is based on
contracts for longer periods spanning months
or years with the advantage of stabilized
prices for the agreed period, but the disad-
vantage of the uncertainty concerning the
traded volumes. (EPEX Spot, 2022, p. 1)

Energy intensive industries typically use a
mix of electricity from future and spot mar-
kets because this strategy balances the slightly
higher, but stable prices of the future markets
with the lower, but volatile costs of the spot
markets (Matthes, 2013, p. 3). The federal as-
sociation of the energy and water industries
(BDEW, 2025, pp. 13-16) reports the final
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average annual electricity prices for industrial consumers with different annual demands, stating
a price of 141.2 €/ MWh in 2024 and 170.3 €/ MWh in 2023 for energy-intensive consumers
with annual demands between 70 to 150 GWh per year. The average electricity price in the
Germany/Luxembourg bidding zone, excluding taxes and fees, was significantly lower with
95.18 €/ MWh in 2023 and 78.51 €/ MWh in 2024 (Bundesnetzagentur, 2025). The according
taxes and fees include network fees, distribution and surcharges (BDEW, 2025, p. 14), making
up additional costs of 75.13 € MWh in 2023 and 62.69 €/ MWh in 2024. These additional costs
are added on top of the exchange electricity prices to reflect the final prices, which will be
considered in the modeling and the operational expenditures (OpEx). In the case of the modified
price series, the additional costs mark a change in the price modification methodology of
Schiitte & Timmerberg (2025, p. 3), where exchange prices have been modified.

2.2. Industrial Steam Generation

Steam has an essential role in the industrial sector to generate process heat and electricity. It is
an abundant, clean and non-toxic heat carrier that can be efficiently transported, offers precise
temperature control, and provides stable and uniform heating (Yan et al., 2021, p. 1). Important
is the aspect of the latent (hidden) energy, the amount of energy required to overcome the co-
hesive forces of molecular bounds in the liquid phase of water (vaporization enthalpy) and the
amount of energy being released in the formation of the molecular bounds during condensation
(condensation enthalpy) (Liidecke & Liidecke, 2020, p. 216). The harvest of that latent heat is
making steam a great heating medium (Eze et al., 2024, p. 13).

Throughout the process of steam genera- ol
tion different types of steam occur. Wet

. . S i Gas
and unsaturated steam, which consist of a Evaporation h
mixture of gas and water droplets, occur- o| p—100kPa 3 Wo—g9.6°C
ring in incomplete evaporation and is usu- 3 = P -
ally undesirable due to lower latent heat Boiling Wet Saturated
transfer (Sandle, 2015, p. 4). Dry and sat- Liquid steam steam

1
Liquid

urated steam is completely in the gaseous
state with no water droplets and at boiling

temperature of the according pressure -

level, being an efficient form of steam for )

Figure 6: Phase Change Diagram of Water at
. . 100 kPa: Liquid to Gas Transition [Baehr &
cal, food and metal industries (Levrano et ggpe/ac, 2006, p. 193]

process heat utilization in chemical, medi-

al., 2024, p. 1). Further increase in temperature of the saturated steam results in superheated
steam (gas), commonly utilized to power turbines and generate electricity, without risking cor-
rosion, erosion and other negative effects in turbines (Hesketh & Walker, 2005, p. 1302). Figure
6 visualizes the different states of steam in approximate atmospheric conditions with a constant
pressure of 100 kilopascal (kPa) on a volume-temperature graph. Between the phase of boiling
liquid (2) and saturated steam (4) the temperature remains constant, because the added heat
energy is used to increase the latent energy of the phase. After reaching the saturated steam
state, the further intake of heat energy can be noticed again by the increase of the temperature,

resulting in overheated steam.
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Steam is used for various applications in different industries such as drying processes, sterili-
zation, concentration, distillation, cracking or cooking (Klimaschutz- und Energieagentur Nie-
dersachsen GmbH, 2024, p. 2). The various applications require different steam temperature
ranges, which are linked to different pressure levels. Understanding how pressure and temper-
ature affect the required generator power is essential for the design of a steam generation sys-
tem. Equation 1 includes the calculation of the required steam generator power Pgg girece for
generating direct superheated steam, including a phase change from liquid state to the gaseous
state. The indices are based on the states of figure 6, where Q'l,z represents the required power
in Watts (W) to heat the water up to the boiling point, Q'2,4 the power to completely overcome
the phase change from liquid to gaseous, Q'4,5 the power to increase the temperature of the
saturated steam and ng.; the efficiency of the steam generator.

Q12+ Qa4+ Qus
Psg direct = (1
Nsc

Equation 2 describes the calculation of QLZ, the heating energy required to heat the water to the
boiling point (Bockh & Wenzel, 2011, p. 49), where m represents the mass flow in kilograms
per second (kg/s), ¢, i the specific heat capacity of water at isobaric condition in Watt-seconds
per kilogram-kelvin (Ws/kgK), Ts,; the boiling temperature of water at the according pressure
level and T, the initial feed temperature of water in Kelvin (K).

Ql,z =m:- Copw " (Tsat — To) (2)

Equation 3 describes the calculation of Qz,4> the latent energy required to change from complete
liquid phase to complete gas phase, where h; 4 is the enthalpy difference between the fully
saturated steam and liquid water at boiling temperature in Ws/kg. The required latent energy
can also be described by the product of mass flow m, boiling temperature Ty, and the specific
entropy difference (s, — s,) between liquid and gaseous phase in Ws/kgK. (Windisch, 2023, p.
138)

Qz,4 =m-hyy=m"(hy —hy) =1 Tsqt " (S4 — S3) 3)

Equation 4 describes the calculation of the heating energy required to produce superheated
steam (Bockh & Wenzel, 2011, p. 49), where ¢, s s the specific heat capacity of steam at iso-
baric condition in Ws/kgK. Should superheated steam not be required for the specific applica-
tion, Q4,5 becomes 0 W and is therefore not considered in the calculation.

10



Q4,5 =m:- Cps” (Tgas — Tsat) 4)

The equation 1 describes the required generator power for technologies of direct steam gener-
ation methods. In cases of indirect steam generation where heat exchangers are involved in the
system, the efficiency of the heat exchanger nyr must be considered to reflect losses in heat
transfer, described in equation 5.

Q12+ Q24 + Qus
Ps¢ indirect = - )
Nsc " MHE

In the context of the modeling, both direct and indirect generation methods are included in the
electrified system configuration, where the EB direct steam generator, while the WTB is func-
tioning as a heat exchanger, using the hot stored air to generate steam.

2.2.1. Technology Overview

The intention of this section is to provide an overview of the most conventional steam genera-
tion technologies and emerging technologies suitable for the decarbonization with the coverage
of various temperature ranges within different industries. The overview includes conventional
combustion boiler technologies to provide a context for the substitutional technologies, which
are suitable for decarbonization of the steam generation process. The substitutional technolo-
gies are presented with their advantages and disadvantages.

A common conventional combustion technology is the water-tube boiler (WTB) and fire-tube
boiler, which operate on a heat exchange principle. Fire-tube boilers are designed to include a
stack of straight tubes surrounded by a water-filled outer shell. In WTB, the arrangement is
reversed. Water flows inside the tubes while combustion gases pass around them within the
furnace chamber. The steam generated in the single tubes is then collected in an upper steam
drum, while residues and liquid are collected in a lower drum. The tubes withstand a higher
pressure due their geometry in comparison to chambers and are resulting therefore in more
scalable boiler sizes for various applicational requirements. Suitable combustion fuels are coal,
oil, NG, biomass or residues. WTBs are classified in three categories. Stoker-fired boilers are
characterized by a design to continuously feed the system with solid fuel such as coal and re-
move accumulated ash. PC-fired boiler utilizing pulverized coal (PC), often used in utility scale
applications with opposed-wall boilers, where heat input capacities start from 73,25 MW. Other
setups are single-wall, tangential or cyclone boilers, typically transported as single units and
build up in the field due to the large sizing. Finally, the fluidized bed combustion (FBC) Boilers
is used to burn various fuels on a bed of incombustible particles, which are uplifted by an air
flow. An advantage of this design consists of a high efficiency for combusting fuels with high
ash, sulfur and nitrogen content and the possibility to capture sulfur by adding limestone into
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Figure 7: Water-tube boiler for the combustion of solid fuels

(Oland, 2002, p. 10)

the incombustible bed, if
necessary. Figure 7 illus-
trates a general design of a
WTB with a single-wall
setup for the combustion of
solid fuels. The fuel is in-
serted into the fuel chute,
burned in the Burners with
underfire air igniting the fuel
and overfire air completing
the combustion process. The
airflows are caused by the
forced draft fan and pre-
heated with the in duct air
heater. Resulting heat of the
combustion is transferred to
the Boiler Bank consisting
of tubes where the steam is
generated and collected in

the steam drum, while residues and liquid water is collected in the lower drum. Finally, the

economizer recovers the exhaustion gas (waste heat) for further processes, before the induced

draft fan draws the exhaustion gas through the dust collector, where particles are removes by

methods of process engineering. (Oland, 2002, pp. 2-11)

Besides the utilization of electric
technologies for decarbonization of
industrial steam, concentrating solar
thermal (CST) technologies have
proofed to be a promising option as
well. In southern regions of Europe
with global horizontal radiation
higher than 1.5 MWh/m?, CST per-
formed better than heat pump pow-
ered by photovoltaic (PV) systems,
resulting in lower LCOH with ap-
proximately 40 € MWh for CST and
60 €/MWh for the PV driven heat
pump system (Famiglietti & Abbas,
2025, p. 21). CST technologies re-

secondary concentrator

primary
concentrator

Insulation

glass window

absorber tube

Figure 8: Functionality of a linear Fresnel collector

(Pitz-Paal, 2012, p. 11)

quire direct solar radiation to be reflected by continuously aligned mirrors, which concentrate

the radiation on solar absorber tubes containing a circulating heat transfer fluid (Farjana et al.,

2018, p. 2272). Figure 8 illustrates the pathway of direct solar rays being reflected multiple

times and absorbed by the absorber tube, while the heat is trapped within the insulated space.
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High temperature heat pumps (HTHP) are an emerging steam generation technology, offering
high COP going up to 2.5 for industrial conditions, while going up to a COP around 4 in ambient
conditions. Operations in the lower temperature ranges are linked to higher efficiencies and the
choice of the circulating refrigerant has great impact on the maximum temperature that can be
provided. The basic working principle involves the circulation of the refrigerant, which absorbs
the heat from the environment and raises its temperature by the increase of pressure due to
compression. The compressed refrigerant releases its heat for steam generation, condensates
and expands to a lower pressure by passing through an expansion valve before the cycle starts
again from the beginning. In industrial settings, HTHP can take the advantage of the available
waste heat as an input for the heat cycle. However, the adoption in industrial sites is not wide-
spread, because of the limitation to generate steam only in the lower temperature ranges, along
with the higher initial specific investment costs in the range of 400 — 800 €/kW. (Klimaschutz-
und Energieagentur Niedersachsen GmbH, 2024, pp. 5-6; Koopman et al., 2024, p. 6)

The electrode boiler (EB) and the electric boiler represent two main electric steam generation
technologies. The EB is using electrodes to generate heat from electricity and directly heat up
the water, while the electric boiler heating up resistance ladders, which transmit the heat to the
water. In combination with an electric superheater, both technologies can reach temperatures
up to 500 °C with efficiencies up to 99 %, covering a large temperature range for various in-
dustrial applications. The EB is designed for larger applications (100 kW — 60 MW) and being
more expensive in comparison with electric boiler, which are used for smaller applications (10
kW — 15 MW). The short time of approximately 30 seconds the EB needs to ramp up to maxi-
mum power is significant in the context of flexible operation strategies. (Klimaschutz- und En-
ergieagentur Niedersachsen GmbH, 2024, p. 4)

Figure 9 illustrates a typical configuration of the EB. The three electrodes are the main compo-
nents that are supplied with high voltage while passing a current through the water. Water acts
as a conductor with a high natural resistance, being heated up by the passing current. The con-
ductivity level can be adjusted in the conductivity control, so that enough current can flow for
sufficient heating. Conductivity is usually influenced by ionizing the water with dissolved salt.
The water is than pumped to the top basin, where the steam generation happens, while the lower
basin is the reservoir, which stores the ionized water. The generated steam output can be con-
trolled by the flowrate in the circulation pump, so that enough steam will be produced to main-
tain the pressure level set in the pressure control. (EECA, 2019, p. 3)

Treated feedwater flows into the boiler through a valve controlled by the set boiler level. Accu-
mulating impurities can be removed from the bottom of the boiler, as well as lowering the con-
ductivity level of the water by substitution of the ionized water with fresh demineralized water
(Yokogawa, 2020, p. 1). Further components like the pressure safety valve, pressure relief or
safety monitoring avoid overpressure in the boiler and ensuring a controlled operation by track-
ing the desired steam parameters. Finally, the generated steam can be taken out of the controlled
steam outlet.
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Figure 9: General configuration of an electrode boiler (Klimaschutz- und Energieagentur
Niedersachsen GmbH, 2024, p.4)

2.2.2. Thermal Energy Storage

Thermal Energy Storages (TES) are an important key technology to enhance flexibility in var-

ious heat generating systems by storing heat energy generated from electricity periods of high

shares of renewables in the grid. TES systems can be categorized into three subcategories, in-

cluding thermochemical, latent heat and sensible storages.

The thermochemical storage systems are using chemical reactions to store heat through endo-

thermic reactions and release it again through exothermic reactions (Roger-Lund et al., 2024,

p. 2). The operating temperature ranges from 500 to 900 °C with advantageously high energy
storage densities, ranging from 800 to 1200 kWh/m? (Ali et al., 2024, p. 29). Disadvantages
include high capital investment costs stated with an upper bound of 130 €/kWh (Pompei et al.,

2023, p. 4).

Latent heat storage systems
utilize the additional latent
energy occurring during
phase changes of materials
to provide a higher storage
density, which can be higher
from five to ten times in
comparison with sensible
TES systems. The choice of
the phase change material al-
lows the coverage of a wide
temperature  range, but
brings up various thermo-
physical, kinetic ~ and

Figure 10: General configuration of a Ruths steam accumula-

tor (Haider & Werner, 2013, p. 155)
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chemical property requirements, that have to be considered in the material choice. (Diaz, 2016,
pp. 34-35)

A specific type of the heat storage is the Ruths steam accumulator, allowing to store heat in
form of steam and pressurized hot water. Ruths storages are the only suitable storage technology
utilizing heat of evaporation and condensation in industrial processes with high temperature
requirements. Figure 10 illustrates the Ruths storage system. Steam is directly injected into the
pressure vessel and condensed inside. Latent energy is then released inside the vessel, leading
to a pressure increase with an increased water enthalpy. During the discharge process the pres-
sure drops and causes the pressurized hot water to flash into steam again. (Haider & Werner,
2013, p. 155)

Sensible TES systems are the commonly applied in industrial application. The heat is stored in
a liquid or solid storage material. The storage material can then be transported through heat
exchange devices (active systems) or being in an unmoved state (passive systems). Active sys-
tems require additional equipment, but provide stationary temperature conditions, resulting in
decoupled utilization of the heat and a longer storage time. On the contrary, passive system
designs are simpler, requiring less equipment while being able to store heat with higher maxi-
mum temperatures, but also exhibit unstable temperature conditions due to temperature gradi-
ents in the materials and are therefore less effective for longer storage periods. historical designs
used storage material like water, molten salt, sand, concrete or ceramic bricks with relative low
energy densities reaching up to 300 kWh/m? with maximum temperatures up to 1000 °C and
comparably low costs peaking around 70 €/kWh. (Haider & Werner, 2013, pp. 155-156; Pompei
etal., 2023, p. 5)

Most recent developments in the field of sensible heat storages, the heat batteries (HB), show
significant improvement with reachable temperatures up to 1500 °C and the possibility to con-
vert electricity to heat with resistive heating elements (Renewable Thermal Collaborative, 2023,
pp. 10-11). The according energy density increased as well to 1.2 MWh/m?, while utilizing high
shares of around 85 % recyclable materials (Kraftblock, 2023).

Across different operational requirements, each technology offers advantages and disad-
vantages. Ruths steam accumulators provide fast response and high discharge rates (Sun et al.,
2017, p. 2), which makes them effective for flexible steam generation, while their low volumet-
ric energy density implies the need for large tanks with an according wall thickness to withstand
internal pressure (Dusek & Hofmann, 2019, p. 1). The related material costs result in high
CapEx, nearly proportional to the capacity with a specific cost of approximately 235 €/kWh
(Galteland et al., 2025, p. 13). In comparison the modern HB considered throughout the
modeling, is projected to cost less than 35 $/kWh (Schichtel, 2025).

3. Methodology

The Methodology chapter explains the methods used throughout the work, leading to the fol-
lowing results in the next chapter. Described is the MILP modeling architecture for single ob-
jectives and the methodology for multi objective optimization (MOO), including the evaluation
of the optimal solution. A description of the data regarding the case study with electrified and
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NG-fired system configuration follows. Further input data for the electricity prices and their
GHG emissions is then described briefly. Related full calculations can be found in the appendix.
Finally, the usage of artificial intelligence in the scope of the work is documented in the appen-
dix table 5, generally serving for programming assistance, generation of illustrations, literature
research, content explanation and generation of literature reference entries.

3.1. Mixed Integer Linear Optimization

In the context of industrial steam generation, it is of great interest to optimize the operation of
all involved process steps. Optimized (minimal) costs or environmental impact are typical strat-
egies, that are followed throughout the operation (Kantor et al., 2020, p. 6). Defining such op-
timal operational strategies is challenging due to the complexity of each involved process unit
within the system (Zeng et al., 2017, p. 1).

To incorporate the complexity of such operational systems, linear optimization (also called lin-
ear programming) is used. The mathematical method allows to integrate various data relevant
to the operational strategy and adjust operational behavior accordingly to the modeling struc-
ture, that is formulated as linear relationships. The objective function defines the optimization
problem of minimizing or maximizing a target value such as GHG emissions or electricity costs.
A general expression of the objective function is formulated as the dot product of the coefficient
variable c, representing the objective, and the transposed vector with the decision variables x,
displayed in the equation 6. (Hochstéttler, 2017, p. 4; Kohne et al., 2020, p. 17).

min cTx (6)

The decision variables notated in the vector x are discrete and determined by the model to result
in an optimal outcome. However, decisions must obey a set of rules defined by the constraints,
characterized by relational symbols. two example representations are displayed in Equation 7
and 8 for the constants A and b with the variable x. (Unger & Dempe, 2010, p. 3)

Ax<b (7)

x=0 ®)

3.1.1. Decision Variables

Mixed integer linear programming adds a further complexity layer by introducing integer vari-
ables to the modeling. These integer variables are binary variables, that describe the on and off
states for the involved processes throughout operation. The EB is represented by the binary
variable x;, where a value of 1 indicates that the EB is active and 0 inactive, stated in equation
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10. Similarly, the state of the REH, which charges the HB, is described by the binary variable
V¢, following the same on and off logic, stated in equation 11. Finally, the state of the WTB is
described by z; in equation 12. The index t refers to a specific hour within the observed time

frame of T, stated in equation 9.

teT ()]
x; €{0,1} (10)
y: € {0,1} (11)
z; €{0,1} (12)

Equation 13 and 14 describe the possible values for the electrical power drawn from the grid
within the interval of 0 MW to the maximum power given by the nominal EB power Pgg yom

and the nominal REH power Prgy nom-

PFEE € [0 MW, Pgg nom] (13)

PtREH,El € [() MW, PREH,NOm] .

Equation 15 describes the possible values for the thermal power output from the EB, ranging
from 0 MW to the product of the nominal power Pgg yom and the efficiency of the EB ngg. The
same applies in equation 16 for the REH, which describes the amount of thermal power used to
charge the HB, while equation 17 describes the discharged thermal power from the WTB as
steam output.

PFET" € [0 MW, Pgg nom * N5 (15)
PtRH'Th € [O MW, Prey Nom * UREH] (16)
P, tWTB'Th € [0 MW, Py Nom * 77WTB] (17)
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Finally, equation 18 describes the state of charge (SoC) dynamic in the interval range of 0 MWh
to the maximum capacity of the HB Cyp.

SoC, € [0 MWh, Cyz] (18)

To avoid infeasibility throughout the optimization process by setting initial decision ranges too
restrictive, the bounds for the decision variables are chosen to be loosened, where the following
constraints are setting stricter bounds.

3.1.2. Constraints

The Constrains defined in the model are a set of equations and inequalities describing the phys-
ical conditions and limitations of the system. The model calculates the feasible solutions within
the bounds of each constraint. The definition of a constraint requires the consideration of pos-
sible interactivity with other constraints. Contradictory expressions must be avoided due to the
consequence of infeasibility throughout the modeling. The first two constraints in Equation 19
and 20 are describing the balance between electrical and thermal power for each timestamp t.
The electrical power is converted to thermal power by the EB and resistive REH with the cor-
responding efficiency.

PtEB,Th _ PtEB,El - (19)

PtREH,Th _ PtREH,El NREH (20)

The sizing logic after (Kantor et al., 2020, p. 7) is used to describe the activation of the three
power output processes with binary variables, including x; for the EB, y, for charging the HB
with the REH and z, the HB discharge with the linked WTB. The electrical power PF%E with-
drawn from the grid must be in the bounds between the nominal power Pgg yo.m,, and the minimal
load Pgp pin of the EB. The minimal load is a parameter for specific industrial scenarios that
can be set to 0 MW. Equation 21 containing the definition of the bounds in the according con-
straints. Further on, the implementation of the HB requires consideration of the technical con-

Charge,min
P g

straints for the minimal charge P, and discharge power . The maximum

PDischarge,min
t

charge power is defined by the product of the nominal power Prey yom the efficiency nggy of

the REH and the maximum discharge power of the HB by the nominal power Py, rp yom 0f the

WTB. Equation 22 and 23 are stating the according constraints, where the efficiency of the

WTB is not considered, because the nominal power is already described as thermal power. In

the case of y, or z, taking the value of 0, the constraints are disabled.
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EB,EL
Pepmin Xt < B, < PggNom " Xt (21)

Chargemin REH,Th . .

P, Ve B < Pren,nom *MREH * Yt (22)
Dischargemin Discharge

Pt “Zt < Pt < PWTB,Nom “Zt (23)

The SoC of the HB is described in MWh. To reflect heat losses over time, the heat loss factor A
is applied in a linearized equation based on the approach of Wolf et. al (2023, p. 5) and Mes-
chede (2020, p. 1484). Two cases are observed for the SoC dynamics. The first case is describ-
ing the SoC at the very first timestamp t = 0, starting with an initial SoC of 0 MWh, where no
heat loss 1s applied and no consideration of the previous timestamp is possible. For t > 0, the
SoC of the previous timestamp is considered with the applied heat losses. Furthermore, the SoC
is increased in by the amount of thermal input energy in the case of charging and decreased by
the according amount of energy in the case of discharging. The useful thermal energy for steam
generation applies the efficiency of the WTB ny,rp, because the outlet of the hot air from the
HB is connected to the WTB, which has the functionality of a heat exchanger and is therefore
responsible for the steam generation. The SoC dynamics are described in equation 24.

PDischarge
0 MWh + PFMT9¢ — tn— witht =0
— WTB
SoCy = Discharge (24)
S0C,_y - (1 =)+ P9 L witht >0

Nwrte

To describe the physical bounds of the storage, the SoC can only take up values ranging from
0 MWh, the lower bound SoCj,,,e and the higher bound of the maximum capacity SoCypper,
which is equal to the capacity of the HB Cyp. The corresponding constraint is stated in equation
25.

SoCiower < SoC < SoCuppeT,th (25)

The consideration of the ramping behavior for the WTB is based on Liu & Gao (2022, p. 3723).
The definition of a specific ramp up and ramp down rate in MW/h is described in the equation

26. The following equation 27 and 28 describing the ramp up behavior, where the positive

change of power of the WTB between two hours must be below the ramping-up rate rL%TB’Th

with the exception for the very first timestamp t = 0. A similar logic applies for the ramp down
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behavior described in equation 29, where the negative change of the WTB between two hours

- WTB,Th
must be below ramping-down rate 7, ./

wrBTh _  wrTBTh _ EWTBTH
rup — 'down - t (26)
Ramp
WTB,Th WTB,Th : —
P < Tup witht =0 (27)
WTB,Th WTB, Th WTB,Th .
1A - P < Tup witht > 0 (28)
WTB,Th WTB, Th WTB,Th
Pt—l - Pt = T4own (29)

The sum of supplied thermal power from the WTB and the thermal power from the EB must be
equal the load of each timestamp PF°%4 to fully satisfy the demand in each hour. The according
constraint is described in the equation 30.

EB,Th WTB,Th
Pt + Pt — PtLoad (30)

3.1.3. Objective Functions

The model can switch between two objective functions, minimizing either GHG emissions or
electricity costs based on the objective flag 'ghg’ or ‘costs’. Equation 31 describes the objective
function for minimal GHG emissions and the objective function for minimal electricity costs,
where the vector of decision variables x must be element of the feasible range F, defined by the
constraints. The corresponding electricity price is described by c¢; in €/ MWh and the corre-
sponding GHG emissions described by e, in g CO2/kWh. EE! is the sum of the used electrical
energy by the EB and the REH for each timestamp ¢, described in equation 32.

T
Z EE'-e, withobjective ='ghg'
MiNyer tho (31)
z EE'-c, withobjective = 'costs’
t=0
EFl = pFBEL 4 pWTBEL (32)
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3.1.4. Multi Objective Optimization

While the objective functions describe single optimization of either GHG emissions or costs, a
further advanced MOO is implemented to explore the trade-offs between both objectives. The
trade-offs appear due to the interactions between both objectives because optimizing one ob-
jective implies worsening the other (TuSar & Filipic, 2014, p. 225). As an example, optimizing
after minimal GHG gases results in a suboptimal outcome of electricity prices. The aim is to
determine the most optimal solution with the smallest trade-off of both objective in a two-di-
mensional pareto front.

The MOO is utilizing the epsilon (€¢) constraint method to achieve the desired outcome. The
method has the advantage of an efficient implementation with a higher accuracy in comparison
to the weighted sum method, where the two objectives are converted into a single objective
function with different scaling factors, which fails to capture non-convex solutions (Rohilla,
2020, p. 6555). In the e-constraint method a primary and secondary objective is defined. The
primary objective is solved in a loop iteration, while the secondary objective is treated like a
constraint with changing bounds within the feasible range. The lower bound of the feasible
range is defined by minimizing the secondary objective and the upper bound by maximizing it
(Beykal et al., 2018, pp. 490 - 491), represented in the equation 33 and 34, where s; is the
secondary objective.

T
Emin = MiNyep {Z Efl * St I (33)
t=0

T
Emax = MAXxeF {Z Efl Y } (34)

t=0

The defined bounds span a range of feasible solutions, where the difference A¢ is defined by
the constant §, which is representative for the length of the range and therefore equivalent to
the number of iterations. The smallest difference between two ¢ values, Ae is described in equa-
tion 35, where § must be an integer with values bigger than one.

Emax — Emin
ANe =—— 35
€ 5_1 (35)

The resulting range of € values is described in equation 36 and applied as constraints in an
iterative loop with variation of the € values within the range. Equation 37 contains the additional
constraint where the secondary objective s; must be equal to corresponding € value throughout
the iteration.
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€ € {&min Emin + A, Emin + 2 A€, ..., Emin + (8 — 1) - Ag} (36)

Sy = & 37)

Since this range of € values is displaying the complete trade-offs between the minimum and
maximum of the secondary objective, the correlation of increasing costs with increasing GHG
emissions is expected. To focus on the range of interest spanned between the minimal primary
objective of the optimization after the primary objective and the minimal primary objective of
the optimization after the secondary objective, the lower and upper bound of the € values are
redefined according to equation 38 and 39, where p; is the primary objective.

T
Emin = MiNyer {z EE - p, } with objective = 'p,’ (38)
t=0
T
Emax = MiNyer {z EEt - p, } with objective ='s,’ (39)
t=0

To determine the optimal solution, where the best improvement with the smallest trade-off in
both objectives appears, the logic of the method based on the Kneedle algorithm (Satopéi et
al., 2011, pp. 3-4) is considered. The first
point is defined as position vector py, £
which represents the minimal costs and the | - p o
last point as position vector p,,, represent- o - ; L (
ing the minimal GHG emissions. Those po- 07 1
sitions are described as two-dimensional 06 1

vectors with their x and y coordinates. The ~ °° |

method further calculates the vector ¥ for ]
. . . 0.3 1
the line between the two points, described .

in equation 40 and defines the knee pointas |

the point with the largest perpendicular dis-

0 r - : - . . - : : \
tance to that line. Figure 11 gives a visual A B B L

illustration of the applied method, high- Figure 11: lllustration of the maximum perpen-
lighting the largest perpendicular distance dicular distance on the example of normalized

as the knee point. data (Satopdid et al., 2011, p. 3)
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o=m=m = ()= () "
Pn— P1 Py, Py (40)

In the next step the resulting vector line ¥ is normalized by the division of its length in equation
41, resulting in a total length of 1, which is important for the further definition of projection.

-

v

Vnorm = ——— (41)
norm ,—vxz n vyz

For each point along the pareto front a position vector p, is considered, describing the x and y
coordinates. The vector @, is then defined as the line from the starting position p; to the point
position p,, described in equation 42.

5 — Pxi) (Px1>
a=p — = ( — 42
P, P1 Py PY: ( )

Calculating the dot product of the vector _b_; and vector vy, results in the scalar of the projec-

tion length L,, ;, describing the length along the initial line ¥ of the point on the line where the

p,ia
perpendicular distance to the observed position vector p, is reached. Equation 43 describes the

calculation.
Lp,i = El) Unorm = (axi ’ vxnorm) + (aYi * VVnorm) (43)

The coordinates of that point on the initial line are described as the position vector E, calculated
by the sum of the starting position vector p; and the normalized direction vector Uy, Which
is multiplied with the corresponding projection length Ly, ; for the observed data point. Equation

44 describes the calculation.

—

b, = ﬁ + Lp,i " Vnorm (44)

Finally, the perpendicular distance d from the vector line ¥ to the observed position vector p,
is the length of the resulting vector ¢,, calculated in equation 45 and 46. The maximum distance
of each data point on the pareto front is declared as the knee-point.

23



— — = — 4
c=p—b (pyi) <by1 (43)

d =/cx? + cy? (46)

3.2. Model Implementation in Pyomo (Python)

The framework for formulating and solving the model is Pyomo, a Python-based open-source
package. It supports various problem types (including MILP) and allows to create models for
general problems, which can be set up with specific data and utilize a range of solvers to find
the optimal solution. (Pyomo, 2025)

The selected solver for solving the model is Gurobi, which finds the best possible solutions by
using the simplex algorithm. The algorithm aims to fulfill the objective function by the consid-
eration of the feasible range, which is defined by the limits of the observed system, set in the
constraints. Possible solutions are within the feasible range, where each solution is improved
with each iteration, that results in an increased optimal outcome. The algorithm checks at each
iteration, which changes improve the outcome and updates the solution accordingly. This pro-
cess is described as pivoting. The process stops, if no further improvement is possible, marking
the most optimal solution. (Gurobi Optimization LLC, 2025)

3.2.1. Optimization Setup

The observed optimization scenarios are divided after the two objective functions, minimal
GHG emissions, defined by “GHG” and minimal electricity costs, defined by “EC”. The opti-
mization is conducted for the years 2023 and 2024 under both objective functions, resulting in
a total of four optimization scenarios:

- EC 2023
- GHG 2023
- EC 2024
- GHG 2024

To balance the solution quality with computational efficiency, the “MIPGap” parameter of the
Gurobi solver is set to 0.5 %. The parameter defines the minimal quality of the solution, in this
case solutions with a gap to the optimal solution of 0.5 % or less are accepted and therefore
resulting in the termination of the computational solving process. Equation 47 describes the
relationship between the theoretical objective bound ObjBound, stating the theoretical limit for
the best possible solution, while the best feasible solution ObjVal found by the solver is within
the tolerance gap of MIPGap. (Miltenberger, 2025)

|ObjBound — ObjVal|
|ObjVal|

< MIPGap (47)

24



3.3. Levelized Cost of Heat

The simplified annuity method for the calculation of the levelized costs is used, which is de-
scribed in equation 48 and 49 with the assumptions of constant annual electricity demand and
constant annual total costs. The Annuity factor ANF considers the weighted average cost of
capital (WACC) i and the technical life expectancy n in years. The product of the total capital
costs I, (representing the CapEx) in € and Annuity factor ANF, results in the annual CapEx for
the estimated life expectancy with the discount, while A represents the OpEx and M the amount
of useful generated energy. (Timmerberg, 2023, p. 32)

T Gl (48)
A+ -1
I, ANF + A

LCOH = OT (49)

To justify the assumptions, the two observed years 2023 and 2024 are treated as separate cases
with assumed constant annual electricity demand and total costs. The EB the HB with the REH
and the connected WTB are treated as one energy system, because each component contributes
to the total annual amount of useful thermal energy, that is equal to the annual demand M. It is
therefore required to sum up the annual CapEx (I, - ANF) and OpEx (4) of each component to
calculate the LCOHEL.

3.4. Case Study

The case study includes the parameters for the system configuration, provided by the metals
and metallurgy industry for the specific application case on the industrial site. Given the steam
demand data for 3 years, an hourly average 1oad Ps pouriy,avg Of 8.85 MW results. The capacity
of the HB is designed to supply thermal energy for 16 hours per day and therefore reach a total
useful thermal energy output Ep;scparge Of approximately 142 MWh. Considering the heat loss
factor A of 0.0022 per hour based on Wolf et al. (2023, p. 4), the impact Npeqt10ss ON the overall
efficiency based on the 16 hours of supply is calculated with 0.965. The required capacity Cyp
is then determined utilizing the equation 50 under the additional consideration of the WTB
efficiency without economizer 1,5 of 0.78 (Johnston Boiler Company, 2014, p. 7).

EDischarge
Chp = (50)
Nwtb * Nheatloss

The resulting required HB capacity Cyp is approximately 190 MWh, which implies a volume
of approximately 160 m?, calculated by the division with the energy density of 1.2 MWh/m?
(Kraftblock, 2023). A further requirement from the industry states that the HB should be fully
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charged in the time tcpqrge Of 8 hours with the REH under consideration of the minimum charge

power PtCharg emin £ 300 kW (Kraftblock, 2025). The REH heats up the air with an electric-
to-thermal efficiency of nggy 0.95. This results in a nominal REH power of 25 MW using equa-
tion 51.

CHB

_ tcharge (51)
PREH,Nom -
NREH

The nominal power of the WTB Py, 1p yom, Which is connected to the output of the HB with a

minimum discharge power PtDiSCharge'min of 300 kW (Kraftblock, 2025), is assumed to be

25 MW with an effective thermal power Pyrg 7, of 19.5 MW, calculated using the equation 52.

Pwrern = Pwrenom " MwrB (52)

Independently, the EB is a further essential component in the system configuration, that is used
to directly generate steam and satisfy the arising demand. The installed nominal power of the
EB Pgp nom 1s assumed to be 20 MW with an effective thermal power of 19.8 MW, calculated
using the equation 53. The electric to thermal efficiency ngp is assumed to be 0.99
(Klimaschutz- und Energieagentur Niedersachsen GmbH, 2024, p. 4).

P EB,Th — P EB,Nom " MEB (53)

The sum of the EB and WTB effective thermal power outputs results in a total of 39.1 MW,
sufficient to cover the highest appearing hourly load-demand of 38.27 MW. Figure 12 illustrates
the electrified system configuration in a block diagram.

Electricity
0-20 MW

Electrode Boiler
Nominal 20 MW (0-20 MW)
99% Efficiency

Steam

0-19.8 MW Steam 234 kW-19.5 MW
Demand
Electricity
316 kW-25 MW

Resistive Electric Heater e k\\'n“):"‘ i Heat Battery ™ l\\l\h;t K Water-tube Boiler

Nominal 25 MW . = 190 MWh - = Nominal 25 MW

95% Efficiency min. 300 kW Charge/Discharge 78% Efficiency

T

\]
Heat
Loss 0.22%/h

Figure 12: Block diagram of electrified system configuration (xAl, 2025)
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A simplification assumes ideal responsiveness of the EB in the modeling, where the fast ramp-
ing rates (Klimaschutz- und Energieagentur Niedersachsen GmbH, 2024, p. 4) are neglectable
and not taken into account. The same applies to the REH in the HB, that can reach its maximum
power within a few seconds (Jansen & Flaman, 1994, p. 897). For the exact definition of the
ramping behavior in the WTB, knowledge of the component geometry and heat transfer coef-
ficients on the inner surface is required to consider the impact on the thermal stress caused by
the increase of temperature (Dzierwa, 2018, p. 3). The consideration of the ramping rates for
the WTB are based on general recommendations from the ASME international code for boilers
and pressure vessels to avoid damage due to thermal stress, stating a rate of temperature change
rr with 56 °C/h (ASME, 2023, p. 637). The time the boiler needs to ramp up and down tggmyp

between the desired steam temperature Tg of 245 °C and an estimated ambient temperature T,
of 20 °C is calculated using the equation 54, resulting in 3.93 hours.

Ts — T
rr

tRamp = (54)

The reference conventional system configuration takes a NG-fired WTB into account to satisfy
the whole demand profiles. The estimated nominal power is 50 MW with the same efficiency
Nwre of 0.78 as above. The WTB is designed to generate enough thermal energy to satisfy the
mentioned highest demand of 38.27 MW, which results in an effective thermal power Py g rp
of 39 MW.

The NG-fired system configuration is illustrated in figure 13 and assumed to use the lower
heating value (LHV), as the latent energy of the condensed hydrogen is lost during the exhaust
process, with a conversion factor ¢; gy of 9.5% used to account for the difference to the higher
heating value (HHV) (Krey et al., 2014, p. 1294). The conversion is required to derive the useful
energy from the NG traded at the ex- Mapnial B
change, where the prices are based on G0 MW IR
the HHV. Equation 55 describes the cal- S
. . Natural Gas-Fired W O_ZBC‘I*\’I“W
culation to determine the needed Wateritube Boiler > Diemnnd
amount of NG Eyg g to satisfy the to- (50 MW, 78% Efficiency J

tal annual energy demand Egpnyar for Figure 13: Block diagram of NG-fired system con-
2023 and 2024. figuration (xAl, 2025)

Eannual
E = (55)
NGELT Nwre * (1 — cLav)
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3.4.1. Modified Electricity Prices

The modified electricity prices are a central input parameter in the modelling, representing the
main incentive instrument for the electrification of the industrial steam generation. The original
historical data for hourly resolved electricity day ahead prices in the bidding zone Ger-

many/Luxembourg is provided by the European network of transmission system operators for
electricity (ENTSO-E, 2025).

Modification of the electricity prices implies the choice of an amplification factor Fa and an
offset for the average annual electricity price. The hourly resolved modified electricity price
EPmod; 1s described as the amplification of the difference between the current electricity price
and the annual average electricity price with the addition of a new set annual average electricity
price EPmeanset in equation 56 (Schiitte & Timmerberg, 2025, p. 3).

EPmod,t = (EPt - EPmean) "Fy + EPmean,set (56)

To examine the potential effects of the modified price series, a range of newly set average an-
nual electricity prices EPpeqn ser 15 selected with the methodical approach of Schiitte & Tim-
merberg (2024, p. 4), spanning from a lower bound of 5 €/ MWh, significantly below the origi-
nal average prices, to an upper bound of 105 €/ MWh, exceeding the average price. The iteration
happens in increasing steps of 5 €/ MWh for the newly set average, described in Equation 57.

(57)

€ € € € }

EPpreanset € {5 102 15, 105

For the amplification factors Fy, a range of values spanning from a lower of 1.0 to an upper
bound of 3.0 are considered, where the iteration happens in increasing steps of 0.1, stated in
equation 58.

F,€{1.0,11,12,..,3.0} (58)

The determination of the ideal modified electricity prices series has the aim to reduce the
LCOHg;, of the electrified system configuration to level of the LCOHy; to create
competitiveness. To determine the optimal price series, the equation 49 is rearranged for the
total electricity costs, where the corresponging value of LCOHyy; is used for the observed year
to determine the reduced total electricity costs stated in equation 59.

ECopt = LCOHyG - M — (CapEx + OpEx) (59)
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3.4.2. GHG Emissions

The model input data for the hourly resolved GHG emissions in the electricity mix is provided
by Green Grid Compass (2025), using a life cycle approach with system boundaries, including
direct plant emissions, as well as emissions from upstream processes such as fuel extraction
and transport. The methodology considers generation data from the ENTSO-E with emission
factors from the EU and the intergovernmental panel on climate change (IPCC), while also
considering conversion efficiencies, grid losses, and cross-border electricity flows. Neverthe-
less, is the approach based on a few assumptions and irregular updated data sources, implying
uncertainties. (Reck et al., 2024, pp. 15-27)

4. Results

The results chapter starts with the evaluation of the used input modeling data. The data for the
GHG emissions is therefore visualized in two heatmaps for the years 2024 and 2023 in the
figure 14 and figure 15, the days of each year are plotted against the hours for each day, while
the GHG emissions are described in g CO2/kWh by the green-red color scale. The correspond-
ing average GHG emissions for 2023 are 380.86 g CO.eq/kWh and 385.66 g CO2eq/kWh for
2024. Both years account for relatively low grid GHG emissions during the summer seasons,
especially throughout midday, where the highest solar radiation is expected and utilized for
electricity generation by photovoltaic systems. In colder seasons, photovoltaic systems don’t
generate as much electricity, while wind energy typically generates more (BDEW, 2025, pp.
30-33). Nevertheless, are the winter seasons associated with higher GHG emissions, explained
by the overall higher electricity demand (Bundesnetzagentur, 2025) due to increased electrical
heating and lightning demand. This pattern is consistent in both years with some local differ-
ences. GHG emissions were overall higher during the night hours and the beginning of October
in 2024, while higher GHG emissions can be observed in the end of January 2023.
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Figure 14: Heatmap visualization of GHG emissions for the years 2024
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Figure 15: Heatmap visualization of GHG emissions for the years 2023

In the context of the electricity prices a trend between the grid GHG emissions and electricity
prices can be noticed in both years, illustrated in the figure 16 and 17 (excluding extreme out-
liers). The illustrated electricity prices already include additional taxes, fees and surcharges on
top of the exchange electricity prices, which are considered in the optimization process. The
additional charges for 2023 of 75.13 €/ MWh are applied and for 2024 of 62.69 €/ MWh accord-
ing to BDEW 2025 (pp. 13-16). The increase of GHG emissions is linked to an increase of the
electricity price. The correlation applies for a large share of the hourly electricity prices with
some exceptions where relatively low GHG emissions result in a relatively high electricity price
and where relatively high GHG emissions are linked to relatively low electricity prices.
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Figure 16: Overview of electricity prices, grid GHG emissions and their correlation for 2024
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Figure 17: Overview of electricity prices, grid GHG emissions and their correlation for 2023

The following steam demand profiles are then satistied within the given hourly resolved elec-
tricity prices and their associated GHG emissions for the according year. Figure 18 visualizes
the steam demand profile for the year 2024, showing, where the summer and winter seasons
appear to have the highest steam demand, while the demand in autumn and spring is reduced.
The resulting total steam demand is significantly higher than in 2023 with 93.5 GWh. Figure
19 visualizes the steam demand profile for 2023, showing an increased demand during the
spring, autumn and winter seasons, while the demand is relatively low in the summer season.
The total annual steam demand results in 58.31 GWh.
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Total Steam Demand [GWh]
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Month

Figure 18: Steam demand profile from the metals and metallurgy industry in 2024
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Figure 19: Steam demand profile from the metals and metallurgy industry in 2023

4.1. Optimization

The modeling is executed for the optimization of both, the GHG emissions and the total elec-
tricity costs. The trade-offs between both objectives are further presented in the resulting pareto
front. Figure 20 illustrates the functionality throughout the optimization of GHG emissions on
an example period from the 5™ of June to the 8™ of June 2024. The yellow bars represent the
hourly steam demand in MW. Since the summer season has lower GHG emissions throughout
midday, direct steam generation with the EB, represented in MW by the blue areal function,
and simultaneous charge of the HB, represented in MW by the green areal function, is preferred.
The SoC of the HB raises during the charge processes, visualized by the violet graph in MWh.
The charged heat is then used throughout the night hours to satisfy the demand, represented in
MW by the red areal function and the decrease of the HB SoC graph. In this case GHG emis-
sions are usually expected to be higher during the night and can be therefore avoided, leading

—— EB Thermal Output

= REH Thermal Output (charge)

—— WTB Thermal Output (Discharge) | 175
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Figure 20: Example optimization of GHG emissions in the period between the 5" and 8" June
2024
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to minimal total GHG emissions. Occasionally the demand rises above 19.8 MW and the EB is
insufficient to cover it. In such cases, the HB must discharge regardless of the GHG emissions
to satisfy the demand.

The evaluation of the total used thermal energy between the EB and the REH shows, that the
EB had a higher overall energy demand among all optimization scenarios, illustrated in fig-
ure 21. A comparison of the useful thermal energy between EB and WTB is illustrated in the
figure 22 with percentual shares, showing that the EB has a higher overall contribution covering
around three quarters of the total annual steam demand in the corresponding optimization sce-
narios.

Figure 21: Thermal energy profiles for costs and GHG optimization in 2023 and
2024

Figure 22: Percentual shares of effective thermal output from the EB and WTB
across the optimization scenarios
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4.2. Ecological Assessment

The ecological assessment focuses on the resulting GHG emissions of each optimization sce-
nario and the comparison with the reference gas-fired system configuration. Just like the differ-
ences in the usage preference between the EB and the WTB between costs and GHG optimiza-
tion in the two observed years, the same pattern occurs in the evaluation of the GHG emissions,
illustrated in figure 23. While the percentual share of the REH is lower for the GHG 2023
scenario in comparison to the EC 2023 scenario, the opposite for 2024 is the case, where the
GHG 2024 optimization shows a slightly higher share than the costs optimization. Overall, a
reduction for 5.04 % in total GHG emissions results in the comparison of the costs and GHG
optimization in 2023, equivalent to 1.18 kt COzeq and a decrease from 360.77 to 34535 g
CO2eq/kWh. For 2024 a reduction of 6.82 % results, equivalent to 2.4 kt CO»eq and a decrease
from 338.31 to 312.4 g CO2eq/kWh.
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Figure 23: Total GHG emissions by electrical component for each optimization scenario in
2023 and 2024

Based on the calculated demand of NG Eyg 552023 With 82.6 GWh for 2023 and Eng grf 2024
with 132.45 GWh for 2024 (HVV), the considered specific GHG emissions for NG are esti-
mated at 237.6 g CO2eq/kWh, including the upstream emissions and the combustion emissions
(European Commission, 2023, p. 27). The total resulting GHG emissions in the NG-fired sys-
tem configuration are 19.63 kt for 2023 and 31.47 kt for 2024. The lower GHG emissions ap-
pear because NG has a lower emission factor compared to the grid average GHG emissions.
Overall, the NG-fired system configuration emits 11.66 % less GHG emissions than the GHG
optimized electrified system configuration in 2023 (emitting 22 kt COzeq) and 3.29 % less in
2024 (emitting 32.54 kt CO2eq).
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4.3. Economic Assessment

The economic assessment focuses primarily on the comparison between the LCOHgL and
LCOHNngG. Both system configurations are presented with their according CapEXx, energy costs
and their operational and maintenance (O&M) expenditures.

4.3.1. Capital Expenditures

Initial specific CapEx for the EB is estimated to be around 450 €/kW, including installation
costs, upgrades in the distribution system, feedwater system, connection to the high voltage grid
and possible integration of steam condenser (The Climate Drive, 2023, p. 57). Further CapEx
estimations considering exclusively the generator and include a range from 150 €/kW to
350 €/kW with a life expectancy of 30 years (Klimaschutz- und Energieagentur Niedersachsen
GmbH, p. 4), which is confirmed by the industry with a specific CapEx of 330 €/kW for the
EB.

The specific CapEx for the HB is estimated at 29.75 €/kWh (Schichtel, 2025). The estimation
assumes a conversion rate from dollar to euro with of 0.85 €/$. The estimated life expectancy
is given by the producer within a range of 20 and 40 years, where the average of 30 years is
considered (Kraftblock, 2023). Further on, the REH is treated as additional component in the
HB, which is considered separately with a specific CapEx of 6.21 €/kW (Ma, 2023, p. 32).

The final component is the WTB, where CapEx is considered for NG-fired WTBs in the elec-
trified system configuration, with the assumption of a similar functionality for hot air from the
HB. The CapEx is based on a projection for 2030 and composed of 60 €/kW for the equipment
costs and 40 €/kW for the installation costs, resulting in a sum of 100 €/kW (European Com-
mission — JRC, 2018, p. 21). The estimated life expectancy is 30 years (Paoliello, 2005, p. 17).

Tables 1 includes the summarized CapEx for the system components in the electrified system
configuration. The annual CapEx are calculated by the multiplication of the annuity factor ANF.
The rate i describes the weighted average cost of capital (WACC), estimated with 8.1 % for
2023 and 9 % for 2024 based on the most recent data for the industrial manufacturing sector in
Germany (KPMG, 2024, p. 26). The table includes the CapEx parameters of the WTB for the
electrified system configuration, linked to the output of the HB.

Table 1: CapEx parameters for components in the electrified system configuration

Component Spec. Power/ Total Life ex- Annual Annual
P CapEx | Capacity CapEx pectancy | CapEx 2023 | CapEx 2024
450 9,000,000
EB /W 20 MW € 30 years | 807,001.61 € | 876,027.16 €
29.75 5,652,500
HB €/kWh 190 MWh € 30 years | 506,841.85 € | 550,193.73 €
REH €6/k2vlv 25 MW | 155,250€ | 30years | 13,920.78€ | 15,111.47€
WTB (EL) €}£&, 25 MW 2’502’000 30 years | 224,167.11 € | 243,340.88 €
Total annual CapEx of electrified system configuration 1’551’€93 135 1’684’€673'24
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The CapEx for the reference system configuration with the NG-fired WTB is included in the
table 2.

Table 2: CapEx parameters for WIB in the NG-fired system configuration

Spec. Power/ Total CabEx Life expec- Annual Annual CapEx
CapEx Capacity P tancy CapEx 2023 2024

WTB (NG) | 100 €/kW | 50 MW | 5,000,000 € 30 years 448,334.23 € | 486,681.76 €

Component

4.3.2. Operational Expenditures

The largest share for the OpEx are the total electricity costs caused by the EB and the REH in
the HB. Tables 3 includes the resulting total costs in the context of the annual electricity con-
sumption and the corresponding average electricity price among for the optimization scenarios.

Table 3: Annual electricity costs and consumption across the optimization scenarios

Costs/Scenario EC 2023 GHG 2023 EC 2024 GHG 2024
Annual Costs [€] | 9,419,594.99 | 10,140,260.08 | 11,935,351.74 | 13,004,042.44
Annual electricity
consumption [MWh] 64,864.72 64,360.43 103,267.57 104,173.23
Average price
[€/MWh]

145.22 157.55 115.58 124.83

The considered NG prices are the average of both half year costs for 2023 with 78 €/ MWh and
2024 with 69 €/ MWh in the consumption range of 27,778 to 277,778 MWh for non-household
consumers, including taxes, fees and surcharges (Destatis, 2024). The final energy costs for NG
were determined to be 6,442,800 € in 2023 and 9,139,050 € in 2024. The corresponding CO»-
emission costs are considered with the according charge of 30 €/ton CO> for 2023 and
45 €/ton CO; for 2024 (DEHSt, 2025), where the combustion of NG (HHV) emits 0.18 tons of
CO; per MWh (IHK, 2025). The resulting annual CO> costs are 447,774.6 € for 2023 and
1,077,017.18 € for 2024.

Further estimated O&M expenditures for EB in a range of 10 to 20 MW, include specific annual
maintenance costs of 3,213 €/ MW, annual rate for electrode replacement of 2,550 €/ MW (as-
sumed to happen every 5 years), annual labor costs of 56,950 € and annual condition assessment
costs of 12,750 € (EECA, 2024, p. 6). The resulting annual sum of the O&M expenditures for
the EB is 184,960 €/a.

Additional O&M expenditures such as maintenance or labor costs for the HB are not consid-
ered, due to the lack of data. The estimated O&M expenditures for the linked WTB are in a
range from 10 to 30 MW, including specific annual maintenance costs of 8,075 €/ MW, annual
labor costs of 51,000 €, annual regulatory costs of 5,100 € and annual condition assessment
costs of 12,750 € (EECA, 2024, p. 8). The resulting annual sum of the O&M expenditures,
excluding the electricity costs, is 270,725 €/a for the electrified system configuration and
472,600 €/a for the gas-fired system configuration under the assumption, that the same O&M
expenditures apply for a WTB power of 50 MW.
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4.3.3. Levelized Cost of Heat

The results for the LCOH are separately presented for the year 2023 and 2024, where the NG-
fired system configuration (NG) is observed for each year. The electrified system configuration
consists of the four defined optimization scenarios, resulting in a total of six scenarios, illus-
trated in figure 24. Comparing the LCOH of the costs and GHG optimization, the percentual
reduction shows a decrease of 5.93% in 2023 and a decrease of 7.05% in 2024.

Figure 24: Resulting LCOH for the electrified and NG-fired system configuration

4.4. Multi Objective Optimization

The display of the pareto front in the MOO declares optimization after GHG emissions as the
primary objective and the optimization after the costs as the secondary with a consideration of
50 discrete € values for the electricity costs. As expected, the complete relation from the mini-
mum to the maximum of costs in the costs optimization display a correlation between increasing
GHG emissions and increasing electricity prices illustrated in figure 25.
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Figure 25: Complete relation between minimum and maximum objectives for 2023 and 2024
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Nevertheless, there is a decrease in GHG emissions with an increase of total electricity costs
between the minima of costs and GHG emissions. This interval is further evaluated within the
adjusted range of € values. The results for 2024 and 2023 show a similar curve, where the knee-
point is the optimal scaling solution between both objectives, under the assumption of equal
weighting for both objectives. For 2024 the optimal solution is at 12.19 million € (117.82 € per
MWh electricity) and 33.09 kt CO2eq (319.74 g COzeq per MWh electricity), illustrated in the
figure 26. Figure 27 illustrates the according pareto front for 2023 with an optimal solution for
both objectives at 9.59 million € (149.52 € per MWh electricity) and 22.51 kt CO»eq (350.84 g
CO2eq per kWh electricity), highlighted by the knee-point.
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Figure 26: Pareto front for the trade-offs between minimal GHG emissions and minimal elec-
tricity costs in 2024
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4.5. Sensitivity Analysis

The sensitivity analysis focuses on the variation of the HB capacity, variation of the effective
thermal output from the steam generators and the application of modified price series for both
years. Similar correlations can be observed in both years, which confirms the impact of the
sensitivity to some extent, because different steam demand and electricity profiles apply.

4.5.1. Variation of Storage Capacity

The evaluation of different HB storage capacities and their effects on the LCOHgL and GHG
emissions include results for varying capacities from 100 MWh to 280 MWh for the HB. Each
result represents an increment of 2 MWh and therefore 90 total data points visualized as graphs
for the year 2024. Figure 29 illustrates the effects for the optimization scenario GHG 2024,
showing a correlation between increasing capacity and increasing LCOHgL of almost 4 €/ MWh,
while resulting in a decrease range of around 1.2 kt COzeq. Figure 28 illustrates the effects for
the optimization scenario EC 2024, showing overall a lower impact on the LCOHgL and GHG
emissions with the variation of storage capacity. The decrease range of GHG emissions is ob-
served with approximately 0.6 kt COzeq. A turning point can be noticed at a capacity of
154 MWh, reaching the lowest LCOHEgL of 150.23 €/ MWh and implying, that this storage ca-
pacity is optimal to maximize the electricity cost reduction in the given steam demand profile
of 2024. Capacities above 154 MWh impact the LCOHgL by outweighing the electricity costs
through higher investment costs, while capacities below 154 MWh impact the LCOHEL by out-
weighing the investment costs through higher electricity costs. A slight decrease of the slope in
the graph with capacities higher than 154 MWh can also be noticed, implying that the cost
saving potential reduces with an increase in capacity.
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Figure 28: Sensitivity analysis of different HB storage capacities for EC 2024
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Figure 29: Sensitivity analysis of different HB storage capacities for GHG 2024

Similar effects can be noticed for the evaluation of the year 2023, where a HB capacity of
118 MWh is linked to the lowest LCOHEL in the case of the EC 2023 scenario, illustrated in
the figure 30. The decrease potential for GHG gasses is lower compared to 2024, stating a range
of approximately 0.2 kt COzeq for EC 2023 and a range of 0.5 for GHG 2023 in figure 31.
Respectively, the range of LCOHEL variation wider compared to 2024, covering an interval of
around 3 €/ MWh for EC 2023 and 6 €/ MWh for GHG 2023. In this case an increase of HB
storage capacity results in a worse improvement of GHG emissions compared to 2024.
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4.5.2. Variation of Electrode Boiler and Water-tube Boiler Nominal Power

The observation of different system configurations by the increase of the nominal EB power
and simultaneous decrease of the nominal WTB power has a further significant impact on the
LCOHEgL. In this case the thermal output remained consistently at 39.1 MW, just like in the
original system configuration. To ensure this, the increase of the EB nominal power was linked
to the decrease of the WTB nominal power under consideration of the different component
efficiencies. The increment in the thermal power output is chosen at 1 MW, which is equivalent
of the increase in the nominal power of 1.01 for the EB and 1.28 MW for the WTB. The result-
ing observed range starts from 13.13 MW nominal power for the EB and ends at 37.37 MW.
The WTB on the opposite starts with a nominal power of 33.46 MW and ends at 2.69 MW. The
chosen range is based on the feasibility of the model given the demand profiles.

Figure 32 shows the impact on the LCOHEL for the “EC_2024” scenario, where the most cost-
effective combination lies at 150.35 €/ MWh for the LCOHEgL with a nominal EB power of
18.18 MW, a nominal WTB of 27.05 MW and resulting GHG emissions of 35.07 kt COzeq. The
highest GHG emissions appear at the lowest EB power, explained by the higher overall energy
consumption due to the lower WTB efficiency. The lowest GHG emissions with 34.77 kt CO2eq
appear for the system configuration with a 29.29 MW EB, a 12.95 MW WTB and LCOHEgL of
154.52 €/ MWh.

36.0
526 351
s _ 35.8
z
= =
5 11.67 = 30 =
z 2 @
rt o - 35.6 8
i @ hv]
(o] = —_—
2 18,08 S 25 g
3 1 Q
R 354
3 S E
= w £
® g L 352 0
£ 2449 E 20 ;
£ o
= =
35.0
3090 151
34.8
150 152 154 156 158 160 162 164

LCOH [€/MWh]

Figure 32: Sensitivity analysis of different system configurations with varying EB and
WTB nominal power for the “EC 2024 optimization
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Figure 33 visualizes the impact for different system configurations for the GHG optimization
in the “GHG_2024” scenario, showing a similar curvature with different GHG emission dy-
namics. The highest GHG emissions are appearing for the system configuration with the highest
EB nominal power. This happens, because the electricity costs are ignored in the GHG optimi-
zation, leading the model to always use the minimum amount of electricity to satisfy the de-
mand. The low WTB power is then limiting the flexibility potential, where the EB must operate
at suboptimal conditions associated with higher hourly GHG emissions. On the other side, the
system configurations with a lower EB power results in an increase of GHG emissions as well
with an additional increase of the LCOHEL. Both is explained by a higher energy consumption,
because the less efficient WTB needs to operate with more full load hours to satisfy the demand.
The most cost-effective system configuration has LCOHEgr of 161.83 €/ MWh with an EB power
of 19.19 MW and a WTB power of 25.77, resulting in 32.59 kt CO.eq. The system configuration
with the lowest GHG emissions on the contrary appears in the system configuration with an EB
power of 23.23 MW and a WTB power of 20.64 MW with an amount of 32.47 kt COzeq and
LCOHEgL of 162.54 €/ MWh.
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Figure 33: Sensitivity analysis of different system configurations with varying EB and
WTB nominal power for the “GHG 2024 optimization

The sensitivity analysis for the optimization scenario EC_2023 is illustrated in figure 34. The
scenario shows a smoother curve with a less prominent turning point at the lowest LCOHEgL
with 194.98 €/ MWh. The according system configuration consists of a 15.15 MW EB power
and a 30.9 MW WTB Power. On the contrary, the lowest GHG emissions appear in a system
configuration, that is characterized by a high EB power of 36.36 MW with the according WTB
power of 3.97 MW, resulting in 23 kt CO2eq.
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Figure 34: Sensitivity analysis of different system configurations with varying EB and
WTB nominal power for the “EC 2023” optimization

The GHG 2023 scenario is illustrated in figure 35, similarly presenting a system configuration
with an EB power of 16.16 MW and WTB power of 29.62 MW for the lowest LCOHgL of
207.60 €/ MWh. The lowest possible GHG emissions are 22.1 kt CO:eq, appearing in the system
configuration with an EB power of 28.28 MW and a WTB power of 14.23 MW.
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Figure 35: Sensitivity analysis of different system configurations with varying EB and
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Just like in the sensitivity analysis of different HB storage capacities, the GHG emission reduc-
tion potential 1s lower for the year 2023 compared to 2024. This is noticeable by the larger
mtervals in 2024, stating an approximate interval of reduction at 1.2 kt COzeq for EC_2024,
compared to an interval of 0.8 kt CO.eq for EC_2023. Similar is the reduction interval larger
for GHG 2024 with 1.75 kt CO:eq compared to 0.6 kt for GHG 2023.

4.5.3. Modified Electricity Prices Series

The optimization for the minimal electricity costs result in the choice of various price series
with minimal differences to the calculated optimal electricity price of 6,037,413.7 € for 2023
and 9,076,837 € for 2024. Figure 36 illustrates the chosen price series for the EC_2024 scenario
across each amplification factor Fa, confirming that higher amplification values require smaller
offsets for the average electricity price EPm and the otherway around larger negative EPm
offsets require smaller amplifications to reach the optimal electricity costs.
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Figure 36: ,,EC 2024 “Optimization - Electricity costs heatmap with chosen sce-
narios to close the LCOH gap between electrified and gas-fired system

However, further evaluation in the context of the total GHG emuissions, illustraded in figure 37,
shows that both a higher negative offset and a higher amplification result in higher GHG
emissions, while the increase in amplification showing an even stronger influence, implying
the preferance of exclusivly modifying electricity prices with negative offsets in the specific
system configuration. In this regard, the scenario “Fa=1.0 EPm=50" is considered to be the
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optimal, resulting in total electricity costs of 8,969,033.54 € and total GHG emissions of
35.14 kt.
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Figure 37: ,,EC 2024 “Optimization - GHG emissions heatmap with chosen sce-
narios to close the LCOH gap between electrified and gas-fired system

In contrast, optimization after the minimal GHG emissions results consistently in the same
amount of minimal GHG emissions of 32.55 kt CO; equivalent for each scenario, since the
GHG emissions are not influenced in the modified price series. In the case of total electricity
costs, 1llustrated in figure 38, amplification has a weaker influence on the change of the negative
offset in EPm compared to the results of the costs optimization, resulting in an increasing
difference of the EPm values with increasing amplification. The greatest impact is given by the
mcrease of the negative offset for EPm. While each highlighted modification scenario is
equivalently suitable for the reduction of the LCOHgr in the optimization of GHG emissions,
scenario “Fa=1.0 EPm=50" is still preferable, because of the greatest potential to reduce
electricity costs under the minimum increase of GHG emissions, resulting in a total cost of
8,987,901.18 €.
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Figure 38: ,,GHG 2024 “Optimization - Electricity costs heatmap with chosen
scenarios to close the LCOH gap between electrified and gas-fired system

The described pattern of selected modification scenarios reappear similarly for the evaluation
of 2023. In this case, the modification scenario “Fa=1.0 EPm=45" is the best option to reduce
electricity costs with the lowest corresponding GHG emissions in the optimization scenario
EC 2023. The resulting total costs are at 6,121,159.79 € with a total amount of 23.87 kt CO»
equivalent. Figure 39 is illustrating the according electricity costs and figure 40 the GHG
emissions. The choice of further suitable modification scenarios across higher amplification
factors is comparable with the EC 2024 optimization.

Regarding the GHG 2023 optimization scenario, amplification is less impactful in comparison
to GHG 2024, noticable by the weaker compensation of increasing values for EPm across the
amplification factors. While the EPm value increase by 35 €/ MWh in total for GHG 2024
across the range of amplification factors, a total increase of 25 €/ MWh can be observed for
GHG 2023, illustrated in figure 41. Similarly the modification scenario “Fa=1.0 EPm=30" 1is
the best option for the same reason, stated above in the GHG 2024 scenario. The resulting total
costs are at 5,944,197.37 € with a total amount of 22.22 kt CO; equivalent.
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Figure 39: ,,EC 2023 “Optimization - Electricity costs heatmap with chosen sce-
narios to close the LCOH gap between electrified and gas-fired system
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narios to close the LCOH gap between electrified and gas-fired system
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Figure 41: ,,GHG 2023 “Optimization - Electricity costs heatmap with chosen
scenarios to close the LCOH gap between electrified and gas-fired system

5. Discussion

A comparison of the results from 2023 to 2024 shows similar result pattern regarding the share
of effective thermal energy by generation technology, where the EB makes up around three
quarters of the steam generation and the WTB boiler covering the last quarter with the dis-
charged heat from the HB. Slight differences appear due to variation of the demand profiles
with their seasonal differences and the electricity price profiles for the according year. The dy-
namics appear also in the context of the GHG emissions throughout the ecological assessment.
A shift in these dynamics is noticeable, if modified prices series are applied, where the amount
of lower and especially negative prices is correlating with the increasing preference of storing
heat.

The evaluation of the resulting LCOH is carried out in the context of the most recent literature
results for the year 2023 in Germany. While there are no specific literature LCOH values on
such the observed electrified system configuration, the standalone EB is stated at 188 €/ MWh,
while a combined system with a battery even reaches 215 € MWh (Systemiq, 2025, p. 17).
Comparing the resulting LCOHgr in EC 2023 with 195.93 and in GHG 2023 with 208.29
€/MWh, shows a similar magnitude for both results. Further comparison of the NG-fired system
configuration states a LCOH of 84 €/ MWh (Systemiq, 2025, p. 17), which is significantly
smaller than the resulting 133.97 €/ MWh for 2023. The deviation is explained by the difference
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of the considered annual CapEx and maintenance costs being estimated with a higher share than
in the literature. This deviation is implying the requirement of stronger price modifications for
lower LCOHng to achieve competitiveness for the electrified system, showing a significant
dependency based on the considered technological system configuration. In general, the LCO-
Hgr for the year 2024 are lower, as the same system configuration is more utilized due to the
higher annual demand and the annual CapEx therefore experience a decreased impact on the
LCOHEg L.

The higher annual demand in 2024 reflects also higher potential to reduce GHG emissions in
the sensitivity analysis. Variation of the HB storage capacity further shows that the increase of
the LCOHEL is less significant in 2024 compared to 2023, because a larger amount of cheaper
electricity can be utilized. On the contrary, variation of the EB nominal power shows a similar
increase of LCOHgr in both years, due to the high specific CapEx of 450 €/kW and smaller
influence on reducing electricity costs compared to the HB. The choice of the optimal system
configuration regarding the nominal EB and WTB power is a specific outcome, which is related
the rigid demand and electricity profiles of the case study and is therefore not generally appli-
cable. Especially the consideration of such different demand profiles is responsible for the de-
viations in the results since the electricity prices and their GHG emissions follow similar pattern
in both years.

The effects of the modifications are visualized among six differently chosen scenarios for com-
plete electricity prices of the year 2024. Figure 42 includes different boxplots representing the
resulting electricity price data after the modification. The base scenario represents the original
electricity prices. The data changes by selecting a new annual average electricity price are no-
ticeable by the comparison of the base scenario and the “FA=1.0_EP;=10" scenario, illustrating
an offset of the difference between original and new annual average electricity price. Variation
of the amplification factor Fa result in a proportional spreading of the electricity prices, notice-
able by the applied amplification of 1.5, 2.0, 2.5 and 3.0.

400
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100

Electricity Price [€/MWh]
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Figure 42: Boxplots of electricity prices signals (including taxes and fees) for dif-
ferent scenarios in the year 2024
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Choosing a new average electricity price below the original average electricity price implies
government subsidy to cover the resulting economic gap. From the perspective of the industrial
consumers, electricity consumption can become increasingly cheaper, if consumed in the opti-
mal time periods with relatively low electricity prices. On the contrary, consumption during
suboptimal time periods result in increasingly expensive electricity prices with rising amplifi-
cation factors. To avoid the higher prices, a high operational flexibility potential is required.

Regarding the modified electricity prices series, the optimization after the GHG emissions re-
sult in overall lower total electricity costs with the increase of the amplification and negative
offset of the average price. This can be explained by the correlation between rising GHG emis-
sions and rising electricity prices, where the considered modified price series results in overall
lower prices with a higher share of negative prices. Those lower prices cause a direct decrease
in the total electricity costs. Comparison of the optimization scenarios GHG 2023 and
GHG 2024 implies a stronger correlation between GHG emissions and electricity price in
2024, because of the greater impact higher amplification factors have upon reduction of the
total electricity costs. Considering the overall lower average electricity price and greater amount
of negative electricity prices in 2024, further supports this claim. Since the demand is higher in
the summer season of 2024, the model might also have more possibilities to decrease the GHG
emissions by utilizing the clean PV generated electricity.

The results of the optimization after the electricity costs on the other hand show an increase in
GHG emissions with the increase of the amplification and negative offset of the average price.
This phenomenon can be explained by a general observation of system exploitability. Increase
of the amplification and negative offset of the average price result in a higher share of negative
price. The more negative prices are available in the annual optimization, the more the model
will prefer satisfaction of the demand by choosing the less efficient way of steam generation by
storing the heat in the HB and generate steam with the discharged heat in the WTB. By doing
so, the total electricity costs can be lowered, which is in accordance with objective function of
minimizing the total costs, while the total energy consumption is rising and therefore resulting
in overall higher GHG emissions.

Observing the effects of amplification shows a larger impact on the increase of GHG emissions
than negative price offsets. This can be explained by the exploitability of the system. Finding a
suitable modification scenario with increasing amplification reduces the need for negatively
offsetting the price, in fact for the amplifications higher than 2.0 in the figure 36 and 37 positive
offsets are required to avoid extreme price reduction, paid as subsidies by the government. The
price offset is regarded to be positive, if the newly set average price is higher than the original
average price. The amplification itself, is enough to result in a sufficient amount of low or even
negative prices, leading to the desired final annual electricity costs, where the described behav-
ior of preferring the less efficient steam generation path with a higher energy consumption is
preferred. Comparing amplification and negative price offsets for both selected edge scenarios
“Fa=1.0_EPm=50" and “Fa=3.0 EPm=105" in figure 36, confirms a sum of exclusively nega-
tive prices with -1,278.88 € for “Fa=1.0 EPm=50" and a sum of -75,848.57€ for
“Fa=3.0_ EPm=105". The exploitable behavior is further backed up by the fact of a higher
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electrical energy consumption in “Fa=3.0 EPm=105" with 109.17 GWh in comparison to
“Fa=1.0_EPm=50" with 104.53 GWh. The corresponding difference of the 4.64 GWh is caus-
ing the increased GHG emissions.

While the exploitability of the system within negative electricity prices is one cause for the
increase of GHG emissions in the costs optimization, a further effect specifically bound to the
average price offset occurs. This is described by the comparison between the prices of the useful
energy, described in equation 60, between direct steam generation and steam generation through
the HB.

EP,
EPt,eff = T (60)

The efficiency n which is compared between both generation paths, varies and results in differ-
ent price dynamics. Depending on the offset k, described in equation 61, the storage path be-
comes increasingly favorable with the decrease of k. Considering negative electricity prices
results always in the preference of the less efficient steam generation path of the HB and WTB,
because the effective prices result in higher profit compared to steam generation by the EB.

k = —EBpean + Epmean,set (61)

To empirically demonstrate the effect, a simplified optimization with only two hours, each with
a one MW steam demand, is observed. Table 4 includes the electricity prices for those two hours
without an offset and with an offset k of -25 €/ MWh. The roundtrip efficiency is calculated at
0.739, including efficiency losses from the REH, the WTB and occurring heat losses in one
hour.

Table 4: Electricity price data for the observation of a two-hour timeframe for the demon-
stration of the price offset impact

hour 1 (no off- | hour 2 (no off- hour 1 (k=-25 hour 2 (k =-25
set) set) €/MWh offset) €/MWh offset)
EP,
[€/MWh] 80 105 55 80
EPierrwrn

n=0.739 108.25 142.08 74.42 108.25
[€/MWh]
EP;crreB
n=0.99 80.81 106.06 55.56 80.81
[€E/MWh]
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In the scenario where no offset if happening, the cheapest way to satisfy the demand is by direct
steam generation with the EB, resulting in a total electricity cost of 186.87 €. The second sce-
nario with an offset of -25 €/ MWh changes the dynamic in the modeling. In this case the cheap-
est option becomes to generate steam directly in the first hour, satisfying the demand and sim-
ultaneously charge the HB to satisfy the demand in the second hour, resulting in a total electric-
ity cost of 129.98 €/ MWh. Because of storing the energy in the second scenario, the overall
energy consumption increased due to the lower roundtrip efficiency and so are the total GHG
emissions potentially higher. The same dynamic is applicable in the annual optimization, where
it appears in a higher complexity given by the consideration of many hours. This observation
concludes that the negative price offsetting modification always results in higher GHG emis-
sions in the costs optimization, if two steam generation paths with different efficiencies are part
of the system configuration. Regarding the additionally added taxes and fees on top of the ex-
change electricity prices is equivalent of a positive offset k, which has the opposite impact on
the modeling behavior, where the direct steam generation with the EB is preferable instead of
storing heat in the HB.

As already mentioned by Backofen et al. (2022, p. 10), the largest impact on the cost efficiency
for both observed system configurations, is dependent on the energy costs related to electricity
or NG. Although the CO-emission costs are higher in 2024 than in 2023, the lower NG prices
in 2024 overshadows the CO;-emission costs. Since a MWh of NG emits 0.18 tons of CO», and
45 € are paid for one ton of CO., the resulting cost of CO; is 8.1 € MWh (IHK, 2025). In
comparison the NG prices decreased by 9 €/ MWh from 2023 to 2024 (Destatis, 2024), which
explains the lower LCOHng in 2024 compared to 2023. According to the current GHG emis-
sions of 237.6 g CO2eq/kWh (accounting for upstream processes and combustion) for NG (Eu-
ropean Commission, 2023, p. 27) and the GHG emissions of 380.86 g CO,eq/kWh (2023) and
385.66 g CO2eq/kWh (2024) in the electricity mix, the combustion of NG appears preferable in
the current stage of energy transition, if comparing the electrified system configuration with the
NG-fired one. HTHP offer better solutions regarding cost efficiency and GHG emissions in
applications with temperatures below 250 °C, because less electrical energy is consumed due
to the high COP (Klimaschutz- und Energieagentur Niedersachsen GmbH, 2024, p. 5).
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5.1. Limitations of the Model

The results of the optimization are to interpret in the context of an annual optimization, which
assumes to be aware of each hourly resolved price for the whole year. Such a degree of forecast
is not possible in reality, given the maximum limit to consider reliable electricity prices in the
day-ahead market and the corresponding GHG emission forecasted for the next 20 hours (Green
Grid Compass, 2025). The outcome for an optimization in the 20 hours forecast scenario is
expected to be worse, because the model is provided with less information and therefore less
possibilities to choose from to satisfy the demand in the most optimal way.

Further on, the given demand profiles are limiting the aspect of load flexibility because each
observed hour has a fixed demand, that must be satisfied within the possibilities of operational
flexibility enabled by the HB. Loosening the demand by defining a required amount of steam
over a certain time period requires a more complex optimization model architecture, where
system configurations with different parameters might be more favorable and peak demands
smoothed out. The additional complexity layer would likely have to include contiguous opera-
tional logic to ensure a minimum duration of operation to reduce inefficiencies and wear and
tear of the components. Specifically, the steam generation from the stored heat would require
this logic to balance minimum ramping behavior with optimal operational scheduling. In this
context penalties can be applied, which must quantify the amount of additional electricity costs
or GHG emissions occurring in each ramping cycle, depending on the objective function. Ear-
lier versions of the model contained these logics, where no demand profiles were considered.
The observations confirmed that optimization for longer periods such as months of a full year
resulted in exponential computational time, mainly due to the increase of possibilities to define
contiguous operational blocks. On the other hand, such modeling approach appeared to be more
suitable for optimizations in a 20-hour forecast timeframe because the model might be able to
recommend more optimal operational schedules given by the increased decision possibilities.
The outcome can be further optimized by finding the smallest trade-off between electricity costs
and GHG emissions with the identification of the knee-point in an MOO approach.

To improve results for specific industrial setups, a closer cooperation with industrial operators
is required to obtain more precise data to feed into the optimization model. The available data
in the literature is incomplete, comes from different system configurations or is based on as-
sumptions, resulting in a generalized modelling approach. This approach is suitable to explore
different system configurations, their LCOH and the impact of modified price series from an
energetical perspective. The optimization for specific industrial sites however requires the con-
sideration of the thermodynamical system properties for an accurate optimization outcome. El-
wardany (2024, p. 1224) emphasizes the relevance of an energy and exergy analysis, that can
help to identify system efficiencies based on parameters such as insulation, combustion control,
enhancement of heat transfer surfaces, usage of condensing economizers or cogeneration sys-
tems. The thermodynamical system properties have a crucial impact in the analysis, where the
efficiency generally increases with the rise of the pressure and the temperature (Elwardany,
2024, p. 1237). To include thermodynamic relationships in the modeling, such as the relation-
ship between specific heat capacity and temperature or the vaporization temperature of water

and pressure, quadratic optimization modeling can be considered.
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5.2. Outlook

In the first place, further improvement in the utilization of renewable energies is essential to
decrease grid GHG emissions below the level of NG combustion. Since there is one single
bidding zone with uniform electricity prices in Germany (Dressler et al., 2025, p. 6), regional
supply and demand dynamics are insufficiently considered. A bidding zone split with a coordi-
nated expansion of renewable energies and grid infrastructure could help to reflect more precise
electricity prices in accordance with their amount of GHG emissions and result therefore in a
more effective decrease of curtailment measures (European Commission — JRC, 2024, p. 32).
The functionality of incentive mechanisms for demand side flexibility is closely related to the
accuracy in the electricity exchange.

Energy-intensive industries are already complying with policy recommendations by slightly
favoring hydrogen over electrification, but the lack of investment is causing technological im-
plementation to stagnate in the planning phase, resulting in misalignment between temporal
policy goals and temporal industry goals (Hansen et al., 2024, p. 1154). Instead of putting the
focus on the recommended technologies and their development, McMillan & Wachs (2024, p.
8) are emphasizing an approach from the industrial user perspective, where implementation
processes of decarbonization technologies should be decoded and standardized across various
industries. The results of this work confirm the meaningfulness of this approach especially by
showing the economic challenges of electrifying steam generation in the industries, expressed
by the high LCOHg:. Electricity price modification has the potential to defuse those challenges,
but bearing also risks of system exploitability by providing too many and too negative prices.
Further research could explore modification algorithms designed to prevent negative electricity
prices completely by reducing prices close to 0 € MWh when GHG emissions are low and am-
plifying prices when emissions are high. Pilot projects could be set up with the help of the
government to explore those incentive mechanism in realistic test environments.

6. Conclusion

Concluding the results, shows that MILP modeling has a great potential to describe industrial
steam generation systems and their technical constraints from the simplified energetical per-
spective. The configuration parameters of the model allow to optimize GHG emissions and
electricity costs for various time periods with various system configurations. Variation of the
system configurations in the sensitivity analysis results in an overall reduction of GHG emis-
sions with the increase of the HB capacity, particularly in the optimization of GHG emissions.
Optimizing electricity costs highlights a capacity where maximum savings are reflected in the
LCOH for 2024 with 154 MWh, although this potential is influenced by the annual steam de-
mand and electricity prices in the observed year. The same applies to the variation of the effec-
tive thermal output from the EB and the WTB, highlighting the most cost-efficient combination
of a nominal EB power of 18.18 MW and a nominal WTB power of 27.05 MW with LCOH of
150.35 €/ MWh in the cost optimization. Optimization after GHG emissions highlights a com-
bination of the EB with 19.19 MW and the WTB with 25.77 MW, resulting in LCOH of 161.83
€/MWh. Comparison of both system configurations in their optimization scenario shows a re-
duction of 7.07 % in GHG emissions, if optimized after GHG emissions. Emphasized by the
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trade-offs between both objectives in the pareto fronts, the lowest GHG emissions in both op-
timization scenarios appear in different system configurations, preferring overall a higher EB
power. The reduction in total GHG emissions is slightly lower with 6.61 % in this case. Intro-
ducing modified electricity price series increases the exploitability of the system in the costs
optimization if an increase of negative electricity prices is happening. This results in decreasing
total electricity costs, while total GHG emissions rise due to higher preferences of generating
steam by the less efficient way of storing heat. Amplification results generally in more negative
prices, including more possibilities to exploit negative prices and result in higher overall energy
consumption with higher GHG emissions. The impact of negatively offsetting the price is lower
on the rise of GHG emissions, while resulting in the same required electricity costs to reduce
the LCOH of the electrified system configuration down to the NG-fired one. Furthermore, is
the impact of amplification significantly lower in reducing the electricity costs in the optimiza-
tion of GHG emissions, where identical operation happens for each modified price series. Con-
sequently, negatively offsetting the price is the preferred option in system configurations with
two independent steam generation pathways.
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8. Declaration on the Use of Artificial Intelligence

I declare that I have used the following artificial intelligence tools within the scope of this work.
A detailed documentation is listed in the following table 5, including the specific tool, use cases,
summary of prompts and resulting outputs. Furthermore, I declare to be fully responsible for
the accuracy of the generated content, which has been used in the scope of the work.

Table 5: Documentation on use of artificial intelligence throughout the work

Tool

Used for

Nature of use (input)

Output and scope of
use in the work

ChatGPT - OpenAl
GPT-5. Accessible
at:
https://chatgpt.com/

General research
for scientifical
sources related to
the works topic
and explanation
of relevant con-
tent within the
sources.

Prompts included spe-
cific scientifical re-
search questions with
the request for quotable
scientifical sources. The
content of the sources
has been further ana-
lyzed with the help of
the tool, mostly request-
ing comprehensive ex-
planations, examples
and real life analogies.

The provided scientifi-
cal sources, which have
been partially used in
the work.

Generation of full
literature entries
in Harvard style
for the literature
references chap-

ter.

Prompts included the
request for literature en-
tries in Harvard style
notation to the papers
with the provided link.

The outputs included
literature entries in Har-
vard style notation,
which have been copied
and pasted into the doc-
ument with slight modi-
fications.

Explanation of
different types of
linear optimiza-
tion models, the
basics of
LP/ILP/MILP, es-
sential terminol-
ogy, implementa-
tion possibilities
and development
of a Pyomo MILP
model template
with explanation
of specific Pyomo
syntax and mod-
elling structure.

Sequence of logical
questions with requests
to related scientifical
guotable sources based
on the output infor-
mation. Further re-
quests included exam-
ples in according code
snippets and real life
analogies.

Referenced information
based on Pyomo and
Gurobi documentation
and the generation of a
template model script,
which has been used to
explore the modeling
behavior of linear pro-
gramming in the Pyomo
library. The further de-
velopment of the main
optimization model has
been based on the struc-
ture of template.
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Tool

Used for

Nature of use (input)

Output and scope of
use in the work

ChatGPT - OpenAl
GPT-5. Accessible
at:

https://chatgpt.com/

Debugging the
Pyomo optimiza-
tion model code

to integrate gener-
ator functionality,
ramping behavior
and flexible heat
storage. Assis-
tance in the for-
mulation and ad-
justment of con-
straints to avoid
infeasibility and
contradictions in
the constraints.

Assistance with
the implementa-
tion of hourly re-
solved data and
technical system
parameters. As-
sistance with de-
signing the plot
for the modeling

behavior.

Prompts included error
logs from the console,
description of the exist-
ing code logic (snippets
have been provided)
and requests for the
mathematical formula-
tion of desired opera-
tional behavior, espe-
cially regarding the heat
storage charge, dis-
charge and ramping be-
havior. Further on sci-
entifical sources have
been requested regard-
ing the provided infor-
mation. For the plot de-
signs, the desired out-
come has been de-
scribed and requests for
specific syntax with ac-
cording explanations
have been made.

The output gave ideas
how to debug (fix) the
appearing errors in the
code and provided
mathematical formula-
tions of requested con-
straint logics with cor-
responding code snip-
pets, which have been
adjusted and imple-
mented in the optimiza-
tion model code. The
output served as orien-
tation for describing the
modeling architecture
in the methodology
chapter based on the
scientifical literature.
Further on, the model
behavior plot in the fig-
ure 20 of the results is
used in the work.

Exploration of
methodologies for
generating the pa-

reto front in the

MOO with
backed up theo-
retical infor-
mation from sci-
entifical sources,
followed by the
implementation
of the epsilon
constraint method
logic into the op-
timization model
code.

Prompts included re-
quests for stating ad-
vantages and disad-
vantages of commonly
used methods to gener-
ate pareto fronts in the
context of linear pro-
gramming based on sci-
entifical sources. Fur-
ther on a code snippet
including the epsilon
constraint method was
requested.

The output explained
the epsilon constraint
and the weighted sum
method, continued to
generate a Pyomo code
snippet with the epsilon
constraint method,
which has been inte-
grated in the modeling
code and adjusted ac-
cordingly for the spe-
cific use case and data
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Tool

Used for

Nature of use (input)

Output and scope of
use in the work

ChatGPT - OpenAl
GPT-5. Accessible
at:

https://chatgpt.com/

Generation of the
Python script
"electricity
_price_modifica-
tion_with
_taxes_and
_fees.py".

Prompts included the
required equation 56 for
the modification of the
base scenario electricity
prices dataset, stored in

a new .csv file.

The generated script
created modified price
series, which have been
saved in two CSV files
for the year 2023 and
2024. The CSV files
with the modified
prices have been used
in the optimization,
leading to the results in
the sensitivity analyses.

Generation of the
Python script
"data_evalua-

tion_mod_nega-

tive_prices.py".

Prompts included the
description of the data
structure of the modi-
fied price series and the
requested outcome of
the sum consisting only
of negative prices.

The output of the gener-
ated Python script has
been used in the discus-
sion section of the work
to describe the sum of
negative prices for the
“Fa=1.0_EPm=50" and
“Fa=3.0_EPm=105"
modification scenario.

Generation of the
Python script
"hourly_aggrega-
tion_steam_de-
mand.py".

Prompts included the
request to sum up all 12
data points for each
unique hour (One hour
was resolved into 5
minutes, resulting in 12
timestamps for each
hour) and calculate the
average, followed by
saving the aggregated
data it into a new CSV
file.

The generated script
created two new CSV
files for 2023 and 2024
with the hourly aggre-
gated steam demand
profiles. Those two files
have been used as data
input in the optimiza-
tion model.

Generation of the
Python script
"box_plots.py".

Prompts included the
description of the data
structure of the modi-
fied price series in the

CSV file and the re-
quested the possibility
to define scenarios in a
dictionary, which will
be plotted as box plots

excluding outliers.

The generated script
created box plots for
five selected modified
price series in one illus-
tration. The illustration
is used in the work to
visualize the effects of
price modification in
the figure 42.
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Tool

Used for

Nature of use (input)

Output and scope of
use in the work

ChatGPT - OpenAl
GPT-5. Accessible
at:
https://chatgpt.com/

Generation of the
Python script
"electricity _

prices_
scatter_plot.py".

Prompts included the
description of the data
set in the CSV file, con-
taining a column for the
electricity price and one
for the GHG emissions,
followed by the request
to generate a scatter
plot for the visualiza-
tion of those two col-
umns.

The generated script
created two scatter plot
illustrations for 2023
and 2024, which have
been used in works re-
sult chapter as illustra-
tions in figure 16 and
figure 17.

Generation of the
Python script
"Fa_EPm_

heatmap_plot.py".

Prompts included the
description of the re-
sults data in the CSV
files generated by the
optimization model,
categorized by electric-
ity price and GHG
emissions, followed by
the definition of desired
final electricity costs.
The tool was requested
to generate a script for a
heatmap plot, where
each amplification has
one highlighted sce-
nario with the closest
absolute difference to
the desired electricity
costs.

The generated script
created heat map plots
across the four optimi-

zation scenarios with
the highlighted modi-

fied price series, that
are used in the results
chapter for the evalua-
tion of the most suitable
modified prices series
to decrease the electri-
fied LCOH to a level
close to the NG-fired
LCOH. The script gen-
erated the illustrations
in figure 36, 37, 38, 39,
40 and 41.

Consultation
about different
visualization ap-
proaches for the
visualization of
GHG emissions,
followed by the
generation of the
Python script
"GHG_Emis-
sions_heatmaps
_plot.py".

Prompts included con-
sultational questions for
the most suitable plot,
which led to a request
for fully generating a
Python script to plot the
GHG emissions in two
heatmaps based on the
hours of the day and
days in a year data from
the CSV dataset. Addi-
tional request involved
the removal of February
the 29th to create uni-
formal heatmaps for
both years.

The generated Python
script created the GHG
emissions heatmaps,
which have been used
in the results chapter, il-
lustrated in figure 14
and 15.
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Tool

Used for

Nature of use (input)

Output and scope of
use in the work

ChatGPT - OpenAl
GPT-5. Accessible
at:
https://chatgpt.com/

Generation of the
Python script
"generator_sensi-

tivity_plot.py".

Prompts included de-
scription of the results
data in the CSV files
generated by the opti-
mization model, which
varied the nominal EB
and WTB boiler power,
followed by the defini-
tion of LCOH compo-
nents from the equation
49, where the CapEx
impact of the EB and
WTB is isolated and it-
erated within the range
of the values from the
CSV dataset. The re-
quested plot should be
able visualize the nomi-
nal power for the EB
and WTB with the cor-
responding LCOH
value in a graph. The
graph should further
use a colormap to visu-
alize GHG emissions.

The generated script
created four plots, one
for each optimization

scenario, which are
used and analyzed in

the results chapter
throughout the sensitiv-
ity analyses. The script

created the figure 32,

33, 34 and 35.

Generation of the
Python script
"GHG _vs_
costs_optimiza-
tion_plot.py".

Prompts included the
description of the pa-
reto points between the
minimum and maxi-
mum of electricity costs
and GHG emission ob-
jectives in the CSV file,
followed by the request
to generate a Python
script for plotting the
points in two graphs ac-
cording to the year, the
total electricity costs
and total GHG emis-
sions.

The generated Python
script created the figure
25, which has been
used in the results chap-
ter of the work to visu-
alize the complete rela-
tion between minimum
and maximum objec-
tives for 2023 and
2024.
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Tool

Used for

Nature of use (input)

Output and scope of
use in the work

ChatGPT - OpenAl
GPT-5. Accessible
at:
https://chatgpt.com/

Consultation
about possible
methodologies for
the definition of
the optimal solu-
tion in the pareto
front. Followed
by according lit-
erature review,
explanation and
formulation of the
math behind the
Kneedle algo-
rithm, which is
used to calculate
the knee point in
the pareto front.
The tool further
generated the full
Python script "pa-
reto.py" with the
implemented
logic, that pro-
cesses the results.

Prompts included re-
quests for scientifical
literature regarding the
methodologies of find-
ing the optimal solution
in a pareto fronts. The
Kneedle algorithm was
examined deeper by re-
questing to break down
each calculation step
and integrate the mathe-
matical logic into the
Python script. addi-
tional information has
been given by the de-
scription of the pareto
points between the min-
imum of the electricity
costs objective and the
minimum of the GHG
emission objective in
the CSV file, followed
by the request to gener-
ate a plot with the pa-
reto points for each
year, the total electricity
costs and total GHG
emissions.

The output has been
verified by recalculat-
ing single results manu-
ally and was used as an
orientation for the de-
scription of the calcula-
tion steps for determin-
ing the knee-point in
the methodology chap-
ter. The generated Py-
thon script created the
figure 26 and 27, illus-
trating the pareto fronts
with their knee-points
for the year 2023 and
2024.

Generation of the
Python script
"steam_de-
mand_pro-
file_plot.py".

Prompts included the
description of the steam
demand data in the
CSV file, followed by
the request to generate a
Python script for plot-
ting the summed up
steam demand for each
month.

The generated Python
script created the plots
for the steam demand in
2023 and 2024. The
plots are used in the re-
sults chapter and illus-
trated in the figure 18
and 19.
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Tool

Used for

Nature of use (input)

Output and scope of
use in the work

ChatGPT - OpenAl
GPT-5. Accessible

Generation of the
Python script

Prompts included de-
scription of the results

The generated script
created four plots, one

at: ""storage_sensitiv- | data from the optimiza- | for each optimization
https://chatgpt.com/ ity_plot.py". tion model, which var- scenario, which are
ied the HB storage ca- used and analyzed in
pacities, followed by the results chapter
the definition of LCOH | throughout the sensitiv-
components from the ity analyses. The script
equation 49, where the created the figure 28,
CapEx impact of the 29, 30 and 31.
HB is isolated and iter-
ated within the range of
the values from the da-
taset. The requested
plot should be able vis-
ualize the HB capacities
with the corresponding
LCOH value in a graph.
The graph should fur-
ther use a colormap to
visualize GHG emis-
sions.
Grok 4 - xAl. Ac- | Generation of the | Prompts included rele- | Generation of two tech-
cessible at: figure 12 and fig- | vant system parameters | nical block diagrams,
https://x.ai/grok ure 13. and instructions to gen- which have been

erate a technical block
diagram.

slightly modified and
used in case study chap-
ter to illustrate the sys-
tem configuration in
figure 12 and 13.

General research
for scientifical
sources related to
the works topic
and explanation
of relevant con-
tent within the
sources.

Prompts included spe-
cific scientifical re-
search questions with
the request for quotable
scientifical sources. The
content of the sources
has been further ana-
lyzed with the help of
the tool, mostly request-
ing comprehensive ex-
planations, examples
and real life analogies.

The provided scientifi-
cal sources, which have
been partially used in
the work.
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Tool

Used for

Nature of use (input)

Output and scope of
use in the work

Grok 4 - xAl. Ac-
cessible at:
https://x.ai/grok

Generation of full
literature entries
in Harvard style
for the literature
references chap-

ter.

Prompts included the
request for literature en-
tries in Harvard style
notation to the papers
with the provided link.

The outputs included
literature entries in Har-
vard style notation,
which have been copied
and pasted into the doc-
ument with slight modi-
fications.

Gemini - Google
Al. Accessible at:
https://gem-
ini.google.com/

General research
for scientifical
sources related to
the works topic
and explanation
of relevant con-
tent within the
sources.

Prompts included spe-
cific scientifical re-
search questions with
the request for quotable
scientifical sources. The
content of the sources
has been further ana-
lyzed with the help of
the tool, mostly request-
ing comprehensive ex-
planations, examples
and real-life analogies.

The provided scientifi-
cal sources, which have
been partially used in
the work.

Generation of full
literature entries
in Harvard style
for the literature
references chap-

ter.

Prompts included the
request for literature en-
tries in Harvard style
notation to the papers
with the provided link.

The outputs included
literature entries in Har-
vard style notation,
which have been copied
and pasted into the doc-
ument with slight modi-
fications.

Elicit Al. Accessi-
ble at:
https://elicit.com/

The tool has been
used for literature
research.

Prompt included spe-
cific scientifical ques-
tions.

The outputs included a
short overview sum-
mary including four of
the most relevant scien-
tifical sources regarding
the question. The pro-
vided sources have
been accessed and par-
tially used in the work.
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9. Eidesstattliche Erklarung

Ich erklare hiermit, dass ich die vorliegende wissenschaftliche Arbeit selbststindig und
ausschlieBlich unter Benutzung der angegebenen Hilfsmittel angefertigt habe. Alle Quellen, die
wortlich oder sinngemal aus verdffentlichten und nicht veréffentlichten Quellen entnommen
wurden, sowie samtliche mit Hilfe generativer kiinstlicher Intelligenz erzeugte Passagen sind
als solche kenntlich gemacht. Mir ist bekannt, dass fehlende oder fehlerhafte Angaben als

Tauschungsversuch gewertet werden konnen.

Hamburg, 09.10.2025

Ort, Datum Unterschrift
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10. Appendix
10.1. Calculations

10.1.1. Taxes and Fees for Final Industrial Electricity Prices in 2023 and 2024

.. € € €
electricity taxes and fees 2023 = 170.3m — 95.17m = 75.13 MWh

. € € €
electricity taxes and fees 2024 = 141.2 MWh 78.51 MWL~ 62.69 MWh

10.1.2. System Configuration

7216;2181 ESteam,hourly,n _ 232653.94 MWh

PSt,hourly,avg = N 26281 h = 8.85 MW

Epischarge = 8:85 MW 16 h = 141.6 MWh ~ 142 MWh

Nheatioss = (1 — 0.0022)1¢ = 0.965

142 MWh

CHB = m = 188.65 MWh =~ 190 MW h

190 MWh

Vyp = ——————— = 158.33 m® ~ 160 m?
HE = 12 MWh/m? m m

190 MWh

(
Paiom = ——pe— = 25 MW

Pegrp = 20 MW - 0.99 = 19.8 MW

PWTB,Th == 25 MW * 078 = 195 MW

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

XX



(245 — 20) °C

thmp = Sgeg/h = 393 h (72)
10.1.3. Optimization
= 1385 GWh 100 % = 23.76 % (74
WWTBEC 2023 = (42 45 13.85) GWh 0= 23767 )
S S 100 % = 76.24 % (75)
WEBEC 2023 = (44 45113 85) GWh 0= 76287

= 1214 GWA 100 % = 20.82 % 76)

WWTB,GHG 2023 = (46 16 1 12 14) GWh 0= 20827 (
= 1616 GWh 100 % = 79.18 % 77
WEB/GHG 2023 = (46 16 1 12.14) GWh 0=72.187% 7
= 2215 GWh 100 % = 23.69 % 78
WWTBEC 2024 = (71 341 22.15) GWh 0= 435770 (78)

71.34 GWh

100 % = 76.31% (79)

WEB EC_ 2024 = (71.34 + 22.15) GWh

= 2384 GWh 100 % = 25.5 % (80)
WWTB,GHG 2024 = (6 65 1 73 84) GWh 0= 49070
69.65 GWh
100 % = 74.5 % (81)

WEB,GHG 2024 = (69 65 1 23 84) GWh

10.1.4. Ecological Assessment

_(, _(A7.58 + 460kt CO2eq
Wrotal GHG,2023 = (17.7 + 5.7) kt CO2eq

) +100 % = 5.04 % (82)

xxi



_(, _ (2471 +7.83)kt CO2eq
Wrotal GHG2024 = (26.69 + 8.23) kt CO2eq

>-100%=6.82%

2339567419 kg CO2eq
GHGspec rc2023 =~ 7000 90 MR

= 360.77 g CO2eq/kWh

22221018.39 kg CO2eq
GHGspec 6r62023 = o355 Mwn

= 345.35 g CO2eq/kWh

34926111.14 kg CO2eq
GHGspec gc2024 = 103238.35 MWh

=338.31 g CO2eq/kWh

32533621.4 kg CO2eq
GHGspec ar6,2024 = 102727174 MWh

=312.4 g CO2eq/kWh

t
mGHG'NG'2023 = 02376m - 82,600 MWh = 1963 kt

t
mGHG,NG,2024- = 02376M_V|/h - 132,450 MWh = 31.47 kt

_ (1 19.63 kt CO2eq
WELNG2023 = (17.58 + 4.64) kt CO2eq

)-100%=11.6%

B (1 31.47 kt CO2eq
WEL NG2024 = (7.83 + 24.71) kt CO2eq

>-100%=3.29%

10.1.5. Economic Assessment

11,930,997.29 €
Wcosts_EC_GHG,2024 = (1 " 12,999 478.98 €

)-100%=8.22%

9,416,937.6 €
Wcosts_EC_GHG,2023 = (1 " 10137.843.79 €

)-100%=7.11%

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

D

92)

93)
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58.31 GWh/a
Encrr2023 = g (1 — 0.095)

= 82.6 GWh/a

93.5 GWh/a
Encerra024 = 47871 —0.095)

= 132.45 GWh/a

p _ (0.0811 + 0.0746) €/kWh _ 0.078 € - €
NG,2023 — 2 T Y kWh T T MWh

p _ (0.0648 +0.0728) €/kWh _ 0.069 € o €
NG,2024 — 2 T kWh T T MWh

€
ECng 2023 = 7870 82,600 MWh = 6,442,800 €

€
EC =69 ——-132,450 MWh = 9,139,050 €
NG,2024 MWh

10.1.6. Levelized Cost of Heat

LCOHEC_2023 =

(807,002 + 506,842 + 13,921 + 224,167 + 184,960 + 270,725 + 9,416,938)€/a
58310 MWh/a

LCOHEc_2023 = 19593 ‘€/MWh

LCOHGHG_2023 =

(807,002 + 506,842 + 13,921 + 224,167 + 184,960 + 270,725 + 10,137,844)€/a
58310 MWh/a

LCOHGHG_2023 == 20829 €/MWh

94)

(95)

(96)

7

(98)

99)

(100)

(101)

(102)

(103)
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LCOHEC_2024 =

(876,027 + 550,194 + 15,111 + 243,341 + 184,960 + 270,725 + 11,930,997)€/a  (104)
93500 MWh/a

LCOHEc_2024_ = 15050 ‘€/MWh (105)

LCOHGHG_2024 =

(876,027 + 550,194 + 15,111 + 243,341 + 184,960 + 270,725 + 12,999,479)€/a  (100)
93500 MWWh/a

LCOHGHG_2024 == 16192 €/MWh (107)

LCOH (472,600 + 6,442,800 + 448,334.23 + 447,774.6) €/a 08
NG2023 = 58310 MWh/a (108)

LCOHNG,2023 = 13397 ‘€/MWh (109)

(472,600 + 9,139,050 + 486,682 + 447,775 + 1,077,017) €/a

LCOHNG 2024 = 93500 MWh/a (110)

LCOHNG,2024- = 11952 €/MWh (111)

195.93 €/MWh
WLCOH_EC_GHG,2023 = (1 ~ 208.29 €/MWh

) +100 % = 5.93 % (112)

150.50 €/MWh
WLCOH EC_GHG,2024 = (1 o 161.92 €/MWh

) +100 % = 7.05 % (113)

133.97 €/ MWh

WLCOH_EL_NG,2023 = (1 — 195 93 =€/MWh) =100 % = 31.62 % (114)
119.52 €/ MWh

WLCOH_EL_NG,2024 = (1 - 150,50 €/MWh) -100 % = 20.58 % (115)
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10.1.7. Sensitivity Analysis

€ MWh
EPypt 2023 = 137.97 W 58310 — -

€
(807,002 + 506,842 + 13,921 + 224,167 + 184,960 + 270,725) 7

=6,037,413.7 €/a

€ MWh
EPopt,2024 = 119.97m -93500 T —

€
(876,027 + 550,194 + 15,111 + 243,341 + 184,960 + 270,725) 4

= 9,076,837 €/a
10.1.8. Discussion
80 €/MWh
EPl,eff,EB = W = 8081 €/MWh
80 €/MWh

EPierrwre = 0739 108.25 €/ MWh

(80 — 25)€/MWh
EPl,eff,EB,offset = 0.99 = 55,56 €/ MWh

(80 — 25) €/MWh

EPl,eff,WTB,offset = 0739 = 7442 €/MWh
105 €/MWh
EP;efrER = 099 106.06 €/ MWh
105 €/MWh
EPy errwre = 0739 142.08 €/ MWh

(105 — 25) €/MWh
EPyerfEBof fset = 099 = 80.81 €/MWh

(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

(124)
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(105 — 25) €/MWh
EP; erfrwrBoffset = 5739 = 108.25 €/MWh (125)

CO, price =45€/t CO,-0.18 t/MWh = 8.1 €/MWh (126)
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