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Chapter 1

Introduction

Embedded in the decarbonization ambitions of industrial actors and the transition to Hydrogen (H2) as
a feedstock for reducing processes, the installed capacity of Power–to–Hydrogen (PtH2) units based on
electrolysis is growing [41], [77]. These PtH2 units come with two positive effects. They can, on the one
hand, convert electrical energy into chemical energy, which is useful for all kinds of industrial processes and
mobility applications. This allows the increasing amount of renewably sourced electricity to be coupled
with other non–electric sectors. On the other hand, PtH2 units offer the option of reacting flexibly to
external factors such as the availability of renewable electricity generation or the demand for electric
energy by market participants. This is possible primarily because the production of H2 is decoupled from
the consumer by means of storage units. This flexibility can be used to operate “grid serving” by reflecting
the balance of supply and demand (e.g. indicated by the electricity price, discussed later) [22], [75]. These
additional degrees of freedom induce a component sizing and dispatching issue for PtH2 units.

The aim of this thesis is to compute optimal component sizes and dispatch based on different scenarios
for such PtH2 units including an electrolyzer, a battery and a pressurized H2 storage with a compressor.
Thereby, the thesis incorporates the local circumstances to source H2 at the production facility of Aurubis
AG (in the following Aurubis) in Hamburg as a case study. The optimum is defined by the case study
to represent minimized Levelized Costs of H2 (LCoH2) in a first economic step and the CO2–Footprint
of H2 (FCO2,H2) based on the FCO2 of the converted electricity in a second environmental step. This
thesis, therefore, develops a software–based optimization tool to compute optimal dimensions for flexible
operating industrial–scale PtH2 units. Moreover, this work assesses the option for flexible operating PtH2

units to provide Auxiliary Service (AuxS). The optimization tool is based on deterministic mathematical
optimization and makes optimized component sizes together with an optimized dispatch for the PtH2

elements available. It is tested with generic data for validation. This is followed by applying the opti-
mization tool to the case study based on an economic objective represented by the LCoH2. First, the
sensitivity of the obtained results is analyzed for the case study with respect to technical and economic
input parameters. Second, the case study is analyzed with respect to different scenarios which are worked
out in cooperation with the industry partner Aurubis. In addition, the resulting FCO2,H2 is analyzed and
targeted in a subsequent analysis within a combined objective approach.

Thereby this research is based on the findings of Schütte et al. (2022) and Röben et al. (2021) who
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assessed the implementation of a PtH2 unit at the production facility of Aurubis qualitatively and simula-
tively in a techno–economic manner [111], [117]. This thesis aims to extend these findings by collaborating
closely with the industry partner to replicate the case study precisely. Further, this consideration includes
a grid–serving operating strategy of the PtH2 unit by reflecting the balance in the electricity grid based
on the spot market prices. Thereby, the thesis extends a scheduling approach of Wagner et al. (2022)
who focused on optimized energy procurement and showed that a flexible operating strategy based on a
H2 storage results in financial benefits [143]. Moreover, this work analyzes the possibility of providing
AuxS and identifies the effects on the LCoH2 together with effects on the optimized PtH2 dimensions.
The applied objective function is subsequently extended to include an environmental assessment based on
the CO2–Footprint (FCO2) of the converted electric energy.

This thesis is worked out under the framework of the Northern German Living Lab (NRL) which
is coordinated by the Competence Center for Renewable Energies and EnergyEfficiency (CC4E) at the
University of Applied Sciences (UAS, German: HAW) in Hamburg. The research project NRL is a
joint research program with industrial and scientific partners to develop solutions for the transition to a
renewable–based energy system with a focus on industrial H2 applications and sector coupling. The NRL
is part of the funding initiative “Reallabore der Energiewende” and is funded by the Federal Ministry
of Economics and Climate Protection (BMWK). This thesis is involved in a subordinated project with
the industry partner Aurubis, which runs a primary copper smelter in Hamburg. The project aims to
decarbonize a processing unit through the replacement of fossil natural gas by renewable–sourced H2. The
unit process takes place in the Anode Furnaces (AF), which includes the last pyrometallurgical refinement
step of copper. In order to advance the energy transition, literature recommends extensive electrification
to enable sector coupling as renewable energy is primarily available as electric energy [3], [30], [114].
However, the energy supply of the AF cannot be directly electrified as they consume energy carriers as
feedstock to chemically reduce the intermediate copper product (blister copper). H2 can work as a link
between renewable energies and their application as a reducing agent. This fuel switch taking place in
the AF is analyzed from a metallurgical point of view by Edens et al. (2022) at the production facility of
Aurubis and in other projects [35], [46].

The structure of this thesis is as follows. The theoretical background is provided in chapter 2 right
after this introduction. The fundamentals are distinguished in the sections energy markets, elements of
the PtH2 unit, optimization and the economic and environmental assessment. This section is followed
by an analysis of the requirements for this thesis in chapter 3. After the requirements are analyzed,
the technical and economic circumstances relevant to this thesis are analyzed in chaper 4. It is divided
up into sections covering the energy markets, the PtH2 unit itself, the case study, and the definition of
grid services and a brief outlook on the used software. Thereafter, the design of the optimization tool is
presented by addressing each element of the PtH2 unit individually. The design chapter is followed by
the implementation of the optimization tool, which demonstrates the operating procedure with generic
test data. The optimization tool is then applied to the case study in chapter 7. This chapter includes a
sensitivity study, a scenario analysis based on the LCoH2 objective and a combined objective approach
which factors in the FCO2,H2. To conclude, the aspects concerning the case study are summarized and
consequences are drawn in chapter 8.
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Chapter 2

Theoretical Background

This section provides fundamental interrelationships upon which the further chapters build. Referring
to energy and in particular chemical and electric energy, the word “convert” is used to address the
conversion of one form of energy to another. Following the laws of thermodynamics, real conversions are
affected by losses. These losses are considered within this thesis if not stated differently. This chapter on
the theoretical background of this thesis addresses the aspects of the energy markets in the first place.
This includes the function of the spot and Over–the–Counter (OTC) markets. In the second place, the
fundamentals of a Power–to–Hydrogen (PtH2) unit with its technical elements are described. Thereby, a
special focus is on the power to hydrogen conversion by electrolyzers. The procedure of optimization and
the environmental and economic assessment are discussed in the third and fourth place.

2.1 Energy markets

The electric power system connects electricity–generating units with electricity–consuming customers of
all kinds. The correct function of such a system is constrained by physical means in the first place and
by regulative means in the second place. The key physical challenge is to maintain the exact balance of
generation and demand, as this balance determines the frequency of the alternating current. The key
regulative and economic challenge is to reduce the costs related to the consumption and transmission of
electric energy. The physical property of the electric power system is discussed in the first subsection.
The regulating bodies, on the European and the national level, reflect this physical challenge in their
regulation of the energy markets. The markets aim to allocate predicted energy generation to predicted
energy consumption before the energy itself is flowing. The operation of these energy markets is described
in the second subsection. To maintain the balance between generation and consumption for all points in
time, additional measures are required which react to imbalances in the power system. These measures,
summarized with the term Auxiliary Service (AuxS), are explained in the third subsection.

2.1.1 Balance of power generation and demand

The electric power system consists of three main elements which are the power–generating units, the
power–transmission system and the power–consuming units. Power can be generated and consumed by a
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variety of different participants from an industrial, commercial or private background. The power system
in Germany itself is operated by four Distribution System Operators (DSO) on the upper level and on a
smaller level by the Transmission System Operators (TSO). This system is defined in Germany by the
federal law ”Energiewirschaftsgesetz” [13]. The law issues the system operators to maintain a frequency
of 50 Hz [15], [98].

Power generation The power generated by the generating units in the power system can be distin-
guished into two categories. On the one hand, there are conventional power plants based on fossil resources
such as coal, gas and oil. The operation of these is based on the combustion of fossil hydrocarbons to
run turbines which are connected to electricity generators. Their operation causes the emission of Carbon
Dioxide (CO2). Power–generating units based on nuclear fission are counted as conventional generators
whereas their operation does not emit CO2. Conventional plants are characterized by a predictable and
constant output of electric energy [15].

On the other hand, there are renewable power generators such as photovoltaic panels and wind turbines
which are considered to operate without the CO2 emissions. Their power generation is more difficult to
predict due to the nature of solar radiation and wind speed. In contrast to conventional power–generating
plants, which generate electricity by heating up water and converting this thermal energy to rotational
and then to electric energy, renewable power plants directly yield electric energy [15], [21]. Hydro power
plants can be considered to be renewable while their electricity generation is predictable.

Frequency The frequency of the alternating current in the power system is governed by the balance of
the generation and the consumption of electric energy within a power system. The frequency in Europe is
at 50 Hz. The stability of the frequency is primarily provided by the inertial energy induced by the rotating
masses within the electric power system. Such rotating masses are all kinds of synchronous generators
and their respective turbines. In addition, there are dedicated spinning wheels that induce inertia in the
power system, building up the operational reserve. An overview of the distinct AuxS is given in figure 2.1.
As soon as the frequency derivates more than ± 0.02 Hz from the 50 Hz baseline, additional measures are
in place to restore the frequency. These measures are gathered by the name AuxS and react opposite
to the deviation. The AuxS can be divided into three different services which differ in their extent and
response time [1], [98].

Frequency Containment Reserve (FCR) providing facilities monitor the current frequency in place and
react contrary to a frequency derivation within seconds. Their participation in the frequency stability
is compensated by the containment capacity they provide. Their actual operation is not measured by
the Distribution System Operator (DSO) [21]. As soon as larger derivations occur, the DSO initiates
the intervention by Automatic Frequency Restoration Reserve (aFRR) facilities in the required sense of
operation. The aFRR has to deliver its operation within 5 minutes, see illustration 2.1. In contrast to
the FCR which is a symmetrical product adjusting automatically to the derivation in either direction, the
aFRR is split into negative and positive products. Negative aFRR counters the decrease of the amount of
available electric energy in the grid either by reducing the generation or by increasing the consumption,
positive aFRR reacts vice versa [21], [98].

The Manual Frequency Restoration Reserve (mFRR) is regulated similarly to the aFRR but is manually
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Figure 2.1: Comparison of the auxiliary services in place by
their specific time of delivery. Own visualization based on [15],
[98].

initiated by the DSO and has to deliver within approximately 12.5 minutes [98]. In the case that AuxS
measures are not sufficient to reduce the frequency deviation, further measures have to be taken such
as the disconnection of large consumers or the sectional decoupling of the electric grid. The regulations
concerning the AuxS are discussed subsequently in section 2.1.3.

System–average emission factor Taking the power plant fleet generating a power mix into account,
the specific CO2 emissions can be calculated. This results in the system–average emission factor, or the
CO2–Footprint (FCO2) of the electricity mix which is considered in this thesis with the unit tCO2/MWh.
This thesis bases its FCO2 on publications by the “Forschungsstelle für Energiewirtschaft München e. V.”
(FfE München) (2022) who base their calculations on daily publications by the European Network of
Transmission System Operators for Electricity (Entso–E) and the “ecoinvent” database [34], [37], [47].
Further details can be found in the respective publication [47].

The marginal emission factor discussed by Seckinger (2021) takes the additional emissions into account
which are caused by a load increase. This is done by incorporating the FCO2 gradient of the electricity
mix [71], [118].

2.1.2 Excurse: Wholesale markets

Since 1996, the European Union gradually liberalizes the domestic markets for electricity. This effort
was implemented in 2003, with the “Directive [. . . ] concerning common rules for the internal market in
electricity and repealing Directive 96/92/EC [. . . ]” [44]. Therefore, a small excursion to the function of
liberal markets is made within this section. First, the context of demand and offer in free markets is
discussed by addressing the merit–order system. Second, the two price–setting principles pay–as–bid and
pay–as–clear are explained [98].

Merit–Order The merit–order is typically used as an approach to creating a balance of supply and
demand, in other terms: to allocate resources. It is summarized in a diagram like the one shown in
figure 2.2 which includes the capacity on the horizontal axis and the prices on the vertical axis. This
diagram is filled by the offers and demands of the market participants. The offers for the supply and the
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Figure 2.2: Schematic visualization of a wholesale market clear-
ing mechanism and the merit–order. Own visualization based
on [98].

consumption are placed on the graph according to their corresponding prices. The market is balanced
right at the intersection of both curves in the diagram [15].

In the case of the energy markets, renewable power generation units operate cheaply due to low
operating costs compared to conventional plants. Thus renewable bids are lined up at the left side of the
capacity curve. Gas–fired power plants show high operating prices so they are lined up at the far right of
the merit–order curve. As cheaper capacities are considered first, the renewable generation power units
are selected more likely than gas–fired (or other fossil–based) plants [15], [49].

Based on the merit–order chart, there are two principles of price formation which are discussed in the
subsequent paragraphs. First, prices can form as the pay–as–clear method which bases on the equilibrium
price indicated by the intersection. Second, the price can be structured with the pay–as–bid method
which assumes individual prices for each participant according to their bid. Further details are provided
in a regulative elaboration by the “European Union Agency for the Cooperation of Energy Regulators”
(ACER) (2022) and others [45], [121], [145].

2.1.3 Auxiliary service markets

As several AuxS products are auctioned, this section will provide insights into the auction procedures.
Thereby, this section focuses on the FCR and the aFRR aspects since these are relevant to this thesis.
In the first place, each AuxS product has a specific time span, which is defined by regulative bodies.
Currently, there are 6 AuxS products per day with each covering a duration of 4 hours [1], [50], [98].

To participate at the AuxS, each facility has to conduct a prequalification. Since the prequalification
procedure is not of relevance to this thesis, reference is made to relevant literature such as Paulus (2013)
and the association of the German DSO [2], [102]. A summary of the AuxS regulations relevant for this
thesis is given in table 2.1.

Balancing energy and capacity markets The capacities of AuxS are traded on the Balancing Ca-
pacity Market (BCM). The auctions on this market result in the Capacity Price (PriceCap) for each
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Table 2.1: Overview of the AuxS regulation covering FCR and aFRR based on [1], [2],
[50], [98].

FCR aFRR
Activation Local measurement DSO
Maximal activation delay 30 s 5 min
Duration of the service 0 min to 15 min 30 s to 15 min
Auctions BCM BCM and BEM
Minimal size ±1 MW (symmetrical) 5 MW∗ (negative or positive)
Daily auctioned products 6, each 4 h 6, each 4 h
Price formation pay–as–clear pay–as–bid
Bidding limit / 99,999,99e/MW∗∗

Pooling possible possible
∗Minimum is 1 MW if only one bid is submitted per auction.
∗∗Changed several times, this is the current (May, 2022) regulation [54].

product. The FCR and aFRR are based on a PriceCap which implies that the AuxS providing facilities
have reserved capacity to deliver their services. Based on the auctioned product, the FCR delivers its
service as soon as the local frequency control unit detects a deviation. Unlike the nature of the FCR, the
operation of aFRR is auctioned on an individual market.

Additional to the BCM and its PriceCap, the actual delivery of aFRR is auctioned at a separate
Balancing Energy Market (BEM). These auctions result in the Operating Price (PriceOp). Participants
on the markets for aFRR have to offer for both BCM and BEM markets individually. The BEM market
for aFRR (and mFRR) was introduced in November 2020. Due to legal conflicts in Germany, the bidding
price cap for aFRR products of 9,999.99e/MWh was changed to 99,999.99e/MWh several times back
and forth. Currently, the operational price bidding cap is set to 99,999.99e/MWh which is expected to
be changed to 15,000,00e/MWh in June 2022 (information from May 2022) [54].

Pooling There is the option to combine different technical units to large–scale AuxS providing facilities
(pools). Each technical unit would have to be prequalified individually. The participation in the wholesale
markets of a pool consisting of technical units providing auxiliary services is possible and their relevance
is expected to grow with the increasing implementation of renewable energy sources [2], [20].

2.1.4 Electric energy markets

The markets for electric energy are constrained by the exact balance of generation and consumption as
discussed above. Basically, the markets focus on the price signal to allocate the amount of flowing electric
energy. The European market for electricity is divided into regions with a uniform price, called price zone
(sometimes: “bidding zone”). This thesis focuses on the price zone Germany and Luxemburg, as they
incorporate a common zone in 2018 after Austria left the same zone [10].

The liberalized markets for electric energy in Europe can be subdivided by the application of two
categories. First, there is the temporal aspect which divides the market into a spot and a future market.
All contracts representing a timeframe of more than 24 h are considered to be futures. Second, the energy
markets can be divided into the exchange market which considers supervised trades and the Over–the–
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Counter (OTC) markets. In Europe, the volume of Electric Power (EP) traded on the OTC market
outweighs that traded on the exchange markets [10], [15], [98]. The two trading principles taking place
on the exchange market or at an OTC market are discussed subsequently in greater detail.

Over–the–Counter On the Over–the–Counter (OTC) market, two parties (sometimes supported by
specialized brokers) agree on a contract to supply EP. The prices manifested in that contracts are the
result of bilateral (or sometimes multilateral) negotiations and are not affected by exchange prices directly.
Contractual details made at an OTC market are disclosed and therefore only accessible to the partners
involved [10].

Exchange markets In contrast to the OTC market where only a few parties are involved to form a
contract, the exchange market gathers numerous participants. These participants place their offers, either
to generate EP or to consume EP. The exchange creates a merit–order list based on these offers. A
high share of the consumption offers (79.2 %) is price unflexible while the share of unflexible generation
offers is lower (9.1 %) [10]. The exchange markets for electric energy are operated by Europan Energy
Exchange AG (EEX), Epex Spot SE (EPEX), Energy Exchange Austria AG (EXAA) and Nord Pool
AS. The most relevant institution by traded volume is the EEX followed by the EPEX. While the EEX
focuses on EP futures, the three other trading hubs consider the spot markets [15]. As the EPEX is the
most relevant institution for spot markets in the price zone Germany and Luxemburg, this thesis focuses
on the regulated products of the EPEX incorporating the Day–Ahead (DA) and Intraday (ID) auctions.
There is a second continuous ID market offered by the EPEX allowing trades until 5 minutes prior to
delivery which is not looked at in this thesis at the request of the industry partner [39].

The Day–Ahead (DA) market operated by EPEX covers hourly products which are traded at 14:00
o’clock on the day before delivery. Orders for each hour of the next day can be placed until noon the day
before delivery and in smaller increments. The EPEX creates a merit–order list based on these orders and
determines a clearing–price. In contrary to the OTC market, buyers and sellers are not matched one by
one [39]. The Intraday (ID) market enables the trade of electricity more closer to the actual moment
of delivery. The market covers products with a duration of a quarter–hour which are traded from 15:00
o’clock on the day before delivery. The ID market does not yield in a clearing price but in individual
prices based on the pay–as–bid principle. The volume of electric energy traded on the ID market is smaller
compared to the volume traded on the DA market [39].

Gurantees of Origin (GoO) Next to the electric energy markets, there is a separate market where
certificates are traded that certify the source of electric energy to be renewable. As the power mix and
its FCO2 are physically identical at all places, the GoO is a system to show on the balance sheet that the
consumed electricity is “green” [28]. In September 2022 the EPEX launched a monthly auction for GoO
in addition to the OTC market [39].

2.1.5 Emission–Trading–System

Based on the international treaty on climate protection negotiated in Kyoto 1997, the European Union
established the Emission–Trading–System (ETS) in 2005. The system creates a framework in which cer-
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tificates to emit Carbon Dioxide Equivalents (CO2,eq) are auctioned. The certificates are called European–
Union–Allowances (EUA). Enterprises in the aviation, power and industrial sector have to procure these
certificates. By limiting the number of certificates on the auction and in the market, the system aims to
reduce the amount of CO2 emitted and increase the price of carbon–based fuels [26].

The phenomenon that industrial players respond to the price increase by relocating their production or
upstream investments in regions which are not subject to the ETS rules outside the EU is called “carbon
leakage” [11]. This aspect is mitigated by compensating electricity–intensive companies by a system
called Electricity–Price–Compensation (EPC). This compensation is issued to decrease the additional
costs due to the EUA related price increase in the power sector [42]. Industries can request financial
compensation for increased electricity prices when they meet certain requirements. The compensation in
Germany is managed by the “Deutsche Emissionshandelsstelle” which publishes equation 2.1 to determine
the compensation extent [138].

EPC = ConsumptionEP · FEligable · FF allback · FCO2,EP · EUAP rice (2.1)

− DeductibleEP · FCO2,EP · EUAP rice

Equation 2.1 considers on the one hand the consumed EP and on the other hand the deductible amount
of EP. The consumed EP is multiplied by the eligible and the fallback factor which is individually
negotiated to determine the amount of EP to be compensated. The FCO2,EP factors in the amount
of indirectly emitted CO2,eq by the generation of the consumed EP. Further, the EUAP rice considers
the related costs to procure the respective certificates. The amount of 1,000 MWh/a is deductible for
each enterprise (DeductibleEP ) [138]. The EUAP rice is based on the previous year while the FCO2,EP is
considered to be 0.72 tCO2/MWhEP [12]. To relieve the increased price pressure on European industry and
to prevent carbon leakage, the national states have the option to compensate for the increased electricity
prices.

2.2 Elements of a PtH2 unit

The fundamentals concerning the PtH2 elements are to be introduced in this section. This focuses on the
aspects relevant to this thesis. A PtH2 unit based on electrolysis converts electrical energy to chemical
energy in the form of Hydrogen (H2). The process takes place in an Electrolyzer (El). In addition, a PtH2

unit in the manner of this thesis incorporates a Battery (Ba), a Compressor (Co) and a pressurized H2

Storage (St).

2.2.1 Battery

The Battery (Ba) stores electric energy in an electro–chemical way by changing electrical charges. This
section provides briefly the relevant aspects of the Ba unit, a more detailed description of Ba is for the
example given in Kurzweil (2018) [88]. Ba consist of two electrodes which are enclosed by an electrolyte.
Although there are different Ba technologies available, this thesis focuses on the Lithium-Ion Battery
(Li–Ion Ba) technology. The charging and discharging process in Li–Ion Ba, transfers positively charged

Page 9



Master Thesis Nicolas Neubauer

Lithium kations in the electrolyte back and forth between the two electrodes. The charging and discharging
process is affected by losses which are quantified by the Ba Efficiency (η). The efficiency implies that the
discharged energy quantity is always smaller than the charged energy quantity [88].

The battery lifetime is restricted by the number of charging cycles and the depth of discharge. A high
number of charging cycles contribute to the degradation of the Ba capacity. The depth of discharge is con-
strained by electrochemical circumstances. A discharge deeper than the specified limit causes irreparable
cell damage [88].

2.2.2 Electrolyzer

The Electrolyzer (El) is the main component of a PtH2 unit as the H2 generation takes place here. H2 is
generated by splitting Water (H2O) into its elements H2 and Oxygen (O2) by applying a current according
to equation 2.6. Several aspects relevant to this thesis addressing the El design, the reactions taking place
and technical circumstances are briefly introduced subsequently. For an extended theory concerning the
El technologies and the electrolysis chemistry, this thesis refers for example to Kurzweil and Dietlmeier
(2018) [88]. The distinct values to be implemented in the optimization tool are elaborated in the technical
analysis in section 4.2.4.

Typically, El units are considered to consist out of a stack, where the electrolysis takes place, and
the total system which includes peripheric apparatuses such as pumps [106], [111]. Electrolysis can be
performed at atmospheric pressure or pressurized, while this thesis considers pressurized El [94].

Electrolyzer design There are three El technologies available on a considerable scale to that point
in time. The most mature technology is the Alkaline Electrolyzer (AEL), followed by the Proton Ex-
change Membrane Electrolyzer (PEMEL) and the Solid Oxide Electrolyzer (SOEL) which is the latest
development. SOEL are not considered in this thesis as their Technology Readiness Level (TRL) is not
mature enough for a large–scale installation in the next years, although the technology seems to bear good
opportunities for heat integration [16], [56], [106], [111], [122], [125].

The AEL technology is based on a liquid alkaline electrolyte which is circulating in the system and
two Nickle–based electrodes. The electrolyte consists of 25 to 30 % potassium hydroxide which contains
OH− anions. H2 evolves next to OH− anions at the cathode. The OH− anions permeate through the
gas–tight diaphragm to release their electrons on the anode forming O2 and water as equations 2.2 to 2.3
show. The moving OH− anions close the electric circuit [88], [94]. The operating temperature is between
50 to 80 ◦C and at a pressure between 20 to 50 bar. Compared to the PEMEL technology, the spacial
footprint is higher because of the electrolyte circulating system [6], [106].

Cathode : 2 H2O + 2 e− −−→ H2 + 2 OH− (2.2)

Anode : 2 OH− −−→ 1
2O2 + H2O + 2 e− (2.3)

The PEMEL consists of a polymer membrane that allows protons to permeate and two electrodes.
O2 evolves at the anode side together with protons. These protons permeate to the cathode where H2

is formed according to equation 2.4 and 2.5 [88], [94]. In contrast to the AEL technology, the PEMEL
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electrodes are based on precious metals (Iridium and Platin) which makes them more cost–intensive [6],
[106].

Anode : H2O −−→ 1
2O2 + 2 H+ + 2 e− (2.4)

Cathode : 2 H+ + 2 e− −−→ H2 (2.5)

Both El technologies extract the two elements H2 and O2 in their gaseous state. Cross–permeation
reduces the gas purity and causes a safety issue because an explosive H2–O2 mixture is created. Both
technologies required desalinized water as feedstock. Commercially available plants, therefore, include a
desalination process [106].

H2 evolution reaction The H2 evolution reaction is given in equation 2.6. This represents the sum-
mative reaction taking place at the anode and cathode of the El. The specific reaction Enthalpy (H) is
about 33.35 kWh/kg based on gaseous water or 39.41 kWh/kg based on liquid water at standard condi-
tions (298.15 K and 1,013 mbar) [120]. These two values equal the Lower Heating Value (LHV) and Higher
Heating Value (HHV) of H2.

1 H2O(l) −−→ 1 H2(g) + 1
2 O2(g) ∆rH = 286.00 kJ

mol
= 39.41 kWh

kg
(2.6)

According to equation 2.6 the production of 1 kg H2 consumes 8.94 kg H2O according to stoichiometry.
Thus, 7.94 kg O2 is produced per kg of H2. Due to the means of desalination, the actual water consumption
of electrolysis is higher [106], [120].

Efficiency and excess heat The reaction in equation 2.6 includes several energy losses, thus more
energy has to be applied during electrolysis than chemical energy in the form of H2 can be extracted.
The losses result in incomplete reactions at the electrodes, chemical overpotentials and the operation of
peripheric technical components such as pumps, desalination equipment and more [88]. The η of El is
a function of the actual load or power. Kopp (2018) publishes a load–dependent system efficiency of a
PEMEL which is visualized in figure 2.3 together with a constant η of 60 % as a reference [84]. In addition,
the figure shows the stack efficiency of a PEMEL published by Schalenbach et al. (2016).

The data points of Schalenbach et al. (2016) are fitted by Tuschewitzki (2021) [115], [134]. Due to a
lack of publicly available data, no efficiency curve for AEL systems is included in this thesis, although the
load dependency is assumed by Schalenbach et al. (2016) to behave similar [115]. Figure 2.3 shows that
the published stack efficiency of a PEMEL is larger than the system efficiency which can be explained
by the additional components considered. The load dependency of the efficiency is pronounced for loads
<0.1 MW/MWmax. The curvature of the specific H2 production rates is barely noticeable, thus a linear
approximation (such as linear approximation with η=0.6 %) might be reasonable. This work does not
consider overload behavior as done by Kopp (2018) and thus equates the maximum load to the nominal
load [84]. According to the Danish Energy Agency (2017), approximately 5.0 % points (referenced to the
HHV) of the excess heat have to be considered as unrecoverable heat whereas the remaining excess heat
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Figure 2.3: Comparison of the load–dependent PEMEL stack efficiency published by
Schalenbach et al. (2016) and the PEMEL system efficiency published by Kopp (2018)
with a constant efficiency∗ at η=60 % as a reference on the primary y–axis (straight
lines) [84], [115], [134]. The specific H2 production rates are shown on the secondary
y–axis (dashed lines). ∗Efficiencies are referenced to the LHV.

can be further utilized [23]. This utilization is recommended by Schalling et al. (2022) among others to
increase the overall efficiency [30], [107], [111].

Minimal load The El minimal load (Elmin) is a restriction of the operational load range of an El. The
Elmin for AEL is considered due to the permeation of H2 molecules on the O2 evolution site, creating a
possibly explosive mixture at low loads and causes H2 losses according to Tjarks (2017) and Haug (2019)
among others [29], [67], [133]. Further, the gas quality on the H2 evaluating site decreases for low loads
in the case of AEL and PEMEL systems [88]. At minimal loads, the share of the auxiliary components
like pumps in the power consumption increases so that operation becomes unfavorable [17], [84], [88]. The
decreased η can be identified in figure 2.3 for loads <0.1 MW/MWmax. Therefore, a minimal operational
load for AEL and PEMEL has to be considered.

Load gradient The electrolysis taking place in PEMEL and AEL units can react immediately to changes
in the electrical load, whereas auxiliary components are limited in their reaction time [84], [88], [133]. The
load gradient is typically referenced to the possible change in % of the nominal load per second [17], [84],
[107], [133].

Start–up PEMEL system have less mass to be heated up compared to AEL systems so that their cold–
start behaviour is quicker [88]. Further, the pressure in the El systems has to be created. AEL systems
are described by the literature to have cold–start times up to 2 h whereas the PEMEL technology can
start–up within 10 minutes [23], [29], [107]. Nevertheless, warm–starts are considered according to load
gradients at any overload.
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Temperature and pressure Compared to high–temperature electrolysis, which is not considered in
this thesis, the low–temperature El operates with liquid water below 100 ◦C. According to Tjarks (2017),
the efficiency of the El is a function of the temperature and pressure [133]. This dependency is not
considered in this thesis and thus is not further elaborated.

2.2.3 Pressurized H2 storage

There are several options to store H2 whereas this thesis focuses on pressurized storage. Other methods
such as the storage of liquified H2 or by other physical or chemical principles are not considered. A
pressurized H2 tank is typically constructed out of composite materials or steel [83]. The mass–based
Storage (St) capacity corresponds to the pressure and the volume in accordance with the gas law and the
compressibility factor of H2 as shown in equation 2.7 [146].

∆pSt,El · VSt =zm · mH2 · R · TSt

MH2
(2.7)

with : ∆pSt,El = differential pressure between pEl, out and pSt, max

VSt = St volume

zm = 1.05 1
1 , mean real gas factor (compressibility)

mH2 = mass of hydrogen to be stored

R = 8.3145 J

mol · K
universal gas constant

TSt = St temperature in K

MH2 = 2.0159 g

mol
, molar mass

The inaccuracy of this approach at pressures below 100 bar is accepted and a more precise consideration
based on the Beattie–Bridgemann Equation of State as recommended by Kurzweil and Dietlmeier (2018)
is not considered [88]. Note that the ∆pSt,El is the differential pressure which incorporates the required
pressure of downstream processes and its maximal pressure. The TSt is assumed to be equal to the
environment temperature. The compressibility factor zM of H2 is assumed to be ∼1.05 at 30 ◦C and
50 bar [58], [69]. Upstream to the St tank is a Co unit which elevates the pressure level of the H2 to match
the pressure level of the St. Both, the compression and the storing process can be affected by a distinct
leakage rate. Within this thesis, the specific reversible work (wrev) performed by the Co is estimated
to be reflected best by polytropic thermodynamic conditions. The applied calculations are outlined in
equation 2.8 [146].
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wreal =wrev · 1
ηCo

= zm · R · TEl

MH2
· n

n − 1 ·

[(
pSt

pEl

) n−1
n

− 1
]

· 1
ηCo

(2.8)

with : n = 1.3 1
1 , polytropic coefficient

ηCo = efficiency of the compressor

The inlet temperature Tin is assumed to equal the El temperature such as the inlet pressure pin. As
this thesis assumes polytropic compression conditions, the polytropic exponent n=1.3 is applied [146].
For an estimated inlet pressure pin = 50 bar and an inlet temperature Tin = 65 ◦C, both approximated to
resemble a PEMEL, the specific wrev can be calculated to be 0.3035 kWh/kg. This assumes a constant
storage pressure of 100 bar. In addition, the efficiency of compressors ηCo is used to calculate the real
work (wreal).

2.3 Optimization of technical systems

Optimization is the task of finding input parameters that determine an approximation of the most fa-
vorable outcome of an objective function. The task can either be approached in a stochastical, or in a
deterministic manner. The procedure applied in this thesis is deterministic and is based on the mathemat-
ical representation of real–world systems [32], [126]. The representation of real systems in mathematical
formulas can cause challenges in respect of complexity and certainty. Therefore, the performance of
mathematical optimization is constrained to the precision of the formulated optimization problem. The
complexity of the representation has to be in balance with the resources required to solve it which is
often considered to be the computing time. The mathematical representation typically consists of several
variables which are affected by constraints. Further, an objective is based on the variables and is typically
minimized [66], [104].

Optima of mathematical functions can be differentiated in local or global optima. Global minima
represent a local minimum as well. Within the framework of optimization, there is a distinction between
feasible solutions which fulfill all constraints and optimal solutions which fulfill the constraints while
representing an optimized outcome [104]. An optimization problem can be considered to be convex when
all local minima correspond to the global minima [104].

Variables The core of an optimization model consists of a set of variables. By manipulating these
variables, the outcome of an objective function can be influenced. Typically, these variables are constrained
in some sort [104], [126]. When defining variables, there are several properties to specify. In the first place,
the numeric quantity of a variable is from importance. A variable can consist of integers, floats or all
other types of mathematical sets. The optimization tool developed for this thesis involves Non–Negative–
Reals (NNR) and Non–Negative–Integers (NNI) variables whereas the thesis focuses on NNR [18]. Further,
an initial value can be set for each variable which is used by the solving algorithm. Initial values play a
significant role in optimization problems with multiple local extremes [104].
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Constraints Constraints define the interrelationships between the variables. Sometimes, the numeric
quantity of a variable is already considered to be a constraint. A constraint can force a variable to be
either equal to another value or contain an inequality operator [104]. In the case of indexed or vector
variables, the constraint can affect different indexes of the variable individually.

Objectives The objective is a mathematical equation set up to define a function to be minimized in favor
of the operator. For the minimalization of an objective embedded in a set of variables and constraints,
a solving algorithm is applied. The definition of the objective function takes the defined variables into
account.

The optimization of real technical systems often implies more than one objective function, as real–
world issues have to fulfill several criteria. The basic procedure to compute multi–objective optimization
problems are called Pareto optimization. The Pareto optimum is defined as a trade–off, the minimization
of one target function would increase the others. Thus, a set of feasible optima fulfilling all applied
objectives is called a Pareto–set [104]. To determine the most favorable objective, additional efforts have
to be taken. According to Pieper (2017) and others, there are numerous approaches to determining
favorable solutions, while the method of weighted sums with a weighting factor (fweighting) is the most
known [59], [103], [104]. Pieper (2017) recommends normalizing the function values for objective functions
with a different range of values. This can be done by the individual maxima according to equation 2.9
which assumes two objectives f1 and f2 with the variables x0,1 [104].

fCombined(f1(x0,1), f2(x0,1)) = w1 · f1(x0,1)
f1,max(x0,1) + w2 · f2(x0,1)

f2,max(x0,1) (2.9)

The factors fweighting1 and fweighting2 in equation 2.9 are representing the weighting factors for each
objective.

Visualization To illustrate the nature of optimization problems, a small example is created subse-
quently and visualized.

fmin(x, y) = x + y (2.10)

C1 : y ≤ 4 · x

C2 : y ≥ 2 · x

C3 : 2 · y ≤ −0.5 · x + 20

x, y ∈ NNR or x, y ∈ NNI

Figure 2.4 visualizes the optimization problem described in equation 2.10. The figure compares two
different characteristics of the variables x and y. In the continuous formulation of the optimization problem,
the variables x and y can represent all Non–Negative–Reals (NNR). The variable can be set for any NNR
during the optimization process. Further, the figure shows the inequality constraints C1, C2 and C3 and
indicates the feasible range. The second plot in figure 2.4 visualizes the same optimization problem of
equation 2.10 while considering Non–Negative–Integers (NNI) for the variables x and y. Comparing both
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(a) Continious variables (NNR) (b) Discrete variables (NNI)

Figure 2.4: Visualization of an optimization problem described in equation 2.10. Own visual-
ization inspired by [126].

plots, the difference between NNR and NNI becomes clear. While the results of an optimization can not
be predicted in (a) as an applied algorithm has a wide feasible range of variables available, the outcome
in (b) is obvious. The NNI conditions restrict the problem so that the minimization of f(x,y) results in
x=1 and y=3. Optimization problems which are constrained to NNI are typically much more difficult to
be solved, thus their computation time is longer [60].

Solving algorithm Technical literature describes a wide variety of different solving algorithms that can
be differentiated into analytic, numeric and experimental solving techniques according to Snyman (2018)
[126]. This thesis is based on numerical solving techniques which require the definition of a mathematical
representation as explained before. The mathematical representation is written in a matrix which is then
solved with respect to the integrated objective function [61].

Numerical solvers can not be applied to discrete NNI constraints as their method of solving is based
on continuous variables. Although the principles of numerical solving are generally not applicable, there
are a couple of procedures developed to cope with discrete optimization problems which are not discussed
in this thesis. Reference is made to relevant literature such as Synman (2018) and the publisher of the
Gurobi solving algorithm [61], [126].

2.4 Economic and environmental assessment

The optimization goals, defined by the objective functions, include an environmental and an economic
assessment. These two assessments are about to be presented in this section. Thereby, the specifics applied
within this master thesis are outlined. In the first place, the optimization of the PtH2 unit addresses the
Levelized Costs of Energy (LCoE), and the Levelized Costs of H2 (LCoH2) in particular. In the second
place, the objective covering the FCO2 of the produced H2 will be discussed which includes the amount
of CO2 exhausted due to the procurement of electricity by factoring in the electricity mix.
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2.4.1 Levelized Costs of Energy

According to Sens et al. (2022) and Hölling et al. (2022), the LCoE factors in the total lifetime costs of a
technical unit which are divided by the amount of produced energy [70], [122]. The LCoE is often used to
compare different energy–generating technologies [70], [86], [111], [122]. This approach is applied by this
master thesis to compute the LCoH2 issued by the PtH2 unit. The LCoH2 are calculated by equation 2.11
which includes the annual Capital Expenditures (CapEx), the annual Operating Expenditures (OpEx)
and the annual amount of hydrogen produced mH2,a. The CapEx are considered according to the annuity
method based on the norm DIN 2067 issued by the “Verein Deutsche Ingenieure” [142].

LCoH2 = CapExa + OpExa

mH2,a
(2.11)

with : CapExa = Annual Capital Expenditures

OpExa = Annual Operating Expenditures

mH2,a = Annual mass of produced hydrogen

Equation 2.11 takes the lifetime costs of a H2–producing unit into account by summing up CapEx
and OpEx on the fraction counter. The CapEx are multiplied by the Annuity factor (Ar) which accounts
for the annual expenses based on the Interest rate (rint) and the Project lifetime (tP roject). The fraction
denominator represents the amount of annual produced energy during that time frame. The CapEx
consists of the sum of the individual investments, reinvestments, the residual value for each PtH2 element
and the Ar according to equation 2.12 [142].

CapExa =
∑(

(Invcomp + Invcomp,re − Valuecomp,Residual) · Ar

)
(2.12)

comp ∀ {Components of an investment}

with : Inv, Invre = Specific investment, specific reinvestment

ValueResidual = Residual value after project lifetime

Ar = Annuity factor

The Investment (Inv) in equation 2.12 considers the specific investment costs and the size of the
corresponding component. The Reinvestment (Invre) considers necessary reinvestments according to
equation 2.13, as soon as the Component lifetime (tComp) is shorter than the tP roject. This thesis considers
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not more than one reinvestment during the project’s lifetime (n ≤1).

Invre = Invre,raw

(
inf
rint

)n·tP roject

(2.13)

with : Invre,raw = Raw reinvestment

inf = Inflation

rint = Interest rate

n = Number of reinvestments (≤ 1)

tP roject = Project time

The Residual Investment (InvResidual) is taken into account as soon as the tP roject is shorter than the
tComp by equation 2.14. The aspect is considered for each component individually.

InvResidual = Inv · inftComp · (n + 1) · tComp − tP roject

tComp
· 1

rtP roject

int

(2.14)

with : tComp = Component lifetime

The Ar factors the rint and the tP roject in. The factor is applied to calculate the annual costs related
to the investment according to equation 2.15.

Ar = rtP roject

int · (rint − 1)

rtP roject

int − 1
= rint − 1

1 − r−tP roject

int

(2.15)

By applying the equations above, the individual CapEx can be calculated which yield the summation
for the overall annual CapEx in equation 2.12. The following explains the procedure to determine the
annual OpEx making up the second part in the LCoH2 calculations. The OpEx can be calculated by
adding up maintenance exposures OpExa,M and exposures related to activities in the energy markets.
The PtH2 unit considered in this thesis can participate in different energy markets, such as the wholesale
markets for EP OpExEP and the balancing markets for auxiliary services such as the OpExF CR and the
OpExaF RR. Thereby, the variable i represents all observed Time–Stamp (TS). In addition, the CapExa

factors in the costs related to Maintenance (M).

OpExa =
∑ (

OpExEP,i + OpExF CR,i + OpExaF RR,i

)
+

∑
OpExa,M,comp + OpExa,other (2.16)

i ∀ TS ; comp ∀ {Components of an investment}

The OpEx related to maintenance exposures are calculated by factoring the component–specific main-
tenance exposures referenced to the annual CapEx in. In addition, further OpEx related aspects are
considered, that are related to regulatory aspects or the procurement of GoO for example.

The amount of H2 (or energy in MWh in a general sense) produced during the time frame is the last
aspect to calculate the LCoH2. The mass of H2 produced during the operation is calculated by summing
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up all TS of the production timeline according to equation 2.17.

mH2 =
∑

ṁH2,i (2.17)

i ∀ TS

By applying the equations 2.12 to 2.17, the LCoH2 in equation 2.11 can be calculated. The sens of
optimization is to minimize this function, as minimal LCoH2 is the optimization target applied in this
master thesis.

Annual Full Load Hours The Annual Full Load Hours (AFLH) is a typical value to quantitatively
describe the dispatch of a technical unit (U). The value considers the total occupation related to the
maximal installed capacity. It is calculated according to equation 2.18.

AFLH =
∑

Ui

Umax · TS
(2.18)

i ∀ TS

A high AFLH indicates an operational dispatch close to the maximal capacity of the unit. A small
AFLH describes a dispatch when the operational capacity does extend up to the maximal capacity

Adjustment for inflation As this thesis bases its assumptions on literature data published before the
assumed investment in 2023, all prices are adjusted for inflation. The adjustment procedure is visualized
in figure 2.5 and in the subsequent equations. The investment is issued in the beginning of the year 2023
as an example, thus e2023,BoY (Begin of Year) is assumed to be equal the e2022 and the values for 2022
do not have to be adjusted.

Figure 2.5: Schematic visualization of the procedure to adjust invest-
ment costs and time–series prices for inflation. Own visualization.

To adjust the price of A, B and C for inflation, equations 2.19 to 2.21 are applied. The Inflation (Inf)
rates relevant for each price are factored in. This is done for both, constant values such as investment
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costs (A, B) and time–series data (C) such as prices for electric energy.

A : e2023,BoY = e2020 · (1 + Inf2022) · (1 + Inf2021) (2.19)

B : e2023,BoY = e2022 (2.20)

C : e2023,BoY = e2020 · (1 + Inf2022) · (1 + Inf2021) (2.21)

The inflation noted in table 2.2 is based on a data set published by the German Federal Statistical
Office [128]. The inflation rates are published in change to the previous year. The total inflation of the
year 2022 Inf2022 is estimated to settle down to 10 % by the end of the year. This assumption is supported
by the fact that the inflation for November 2022 is expected to be at 10.0 % [128].

Table 2.2: Inflation rates based on the German Federal Statistical Office in change com-
pared to the previous year in % [128].

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Inflation 1.6 0.8 0.7 0.4 1.7 1.9 1.4 0.4 3.2 10.0∗

∗Assumption made in this thesis.

2.4.2 CO2–footprint of H2

Next to the levelized costs discussed above, the model–based optimization is also assessed from an envi-
ronmental perspective. The procured electricity, to be converted to H2 by the electrolyzer, is affected by
the carbon footprint of the electricity mix. The environmental assessment covers the cumulated amount
of CO2 related to the procurement of electricity EPin and the produced mass of H2 as the equation 2.17
shows.

FCO2,H2 =
∑ FCO2,Electricity,i · Ein

ṁH2,i
(2.22)

i ∀ TS
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Chapter 3

Analysis of the Requirements

This chapter summarizes the required answers the thesis has to provide. First, the field of research is
elaborated on, then the requirements of the optimization tool are described in greater detail. A brief
outlook on the case study is given followed by the chapter closing with a brief summary of the derived
research questions. To clarify the designation, the term “optimization tool” describes a software that
imports data, performs calculations and outputs results. The “model”, which consists of the mathematical
representation of the Power–to–Hydrogen (PtH2) unit, is embedded in the optimization tool.

3.1 Research question

This thesis aims to solve the component sizing issue of flexible operating PtH2 units by considering
techno–economic factors next to environmental aspects. The PtH2 unit has the purpose of satisfying a
Hydrogen (H2) flow demand at any specific point in time while consuming power in a flexible manner.
This behavior is achieved by implementing a means of energy storage. To solve the component sizing issue,
a python–based tool is supposed to be set up to obtain optimal sizes together with an optimal dispatch
schedule. Python is utilized, as it is well–known in the research group supervising this thesis. This
thesis does not simulate the behavior according to a “battery first” or other approaches but optimizes the
behavior mathematically. The nature of the optimum is supposed to be described by objective functions
focusing on either economic or a combination of economic and environmental factors. Moreover, the tool
aims to provide insights into the economic benefits of participation in auxiliary services such as Frequency
Containment Reserve (FCR) and Automatic Frequency Restoration Reserve (aFRR) activities. Further,
the surplus heat and Oxygen (O2) generated by the PtH2 unit is supposed to be identified.

The precise definition of a “grid serving behavior” applied in this thesis has to be worked out. It is
expected to consider the electricity grid’s current status when scheduling the dispatch. This could be
done for example by reflecting the demand and generation of power and the option to provide auxiliary
services. An extended interpretation of flexibility including dynamic scheduling of the H2 demand itself
should not be considered.

The thesis is supposed to make appropriate (historical) input data next to the optimization tool avail-
able. This includes the H2 demand and electricity grid data (such as prices, auxiliary service compensation
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and the carbon footprint) for the last four years (starting in 2019), summarized in figure 3.1. To validate
the results provided by the tool and the simplifications made due to performance reasons, a model–specific
sensitivity analysis is supposed to be done. Additionally, test cases have to be built up for validation.

The resulting component sizes and the corresponding dispatch schedule are supposed to be presented
in an appropriate manner. To cope with the uncertainty of future developments and different setups of
the PtH2 unit, a set of scenarios is worked out based on the available data. Relevant parameters are to
be discussed in a sensitivity study. The design of the optimization tool is expected to be documented.
The optimization tool is supposed to be applied within a case study at the copper processing facility of
Aurubis in Hamburg.

3.2 Optimization tool

The optimization tool is required to describe a PtH2 unit consisting of the main components Elec-
trolyzer (El), pressurized H2 Storage (St) and Battery (Ba) by algebraic modeling equations in a techno–
economic manner. The developed tool is supposed to optimize the dimensions of the PtH2 unit components
together with their dispatch schedule. As shown in figure 3.1, the tool draws several inputs which can be
distinguished into constant, time–series and model–specific values.

Figure 3.1: Graphical representation of the requirements to be fulfilled by this thesis
and the framework of the optimization tool to be programmed with its input and
output parameters. Own visualization.

Technical and economic properties are constant, such as the electrolyzer efficiency, the specific invest-
ment costs, or the expected maintenance costs. Data concerning the H2 demand, electricity prices, or
auxiliary service compensations have time–series character. Aspects like the resolution Interval (tint) or
the chosen objective of the variables are examples of modeling properties. There should be the possibility
to draw different series by an import function and parameterize time–independent data and modeling
properties in a user interface.

The input data is supposed to be processed by the software tool to construct an algebraic optimization
model. The model reflects the technical behavior of the PtH2 unit while stating necessary and reasonable
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simplifications. The model is implemented to be able to satisfy a H2 demand, rely on electric energy and
H2 storages and participate in the Auxiliary Service (AuxS) markets. Subsequently, the model is solved
by a solver within the optimization tool. The solver is required to be capable of minimizing predefined
objective functions such as either an economic or a combination of ecologic–economic objectives. Thereby,
the economic consideration is supposed to be based on Schütte et al. (2022) [117]. The tool is supposed to
output a set of values consisting of constant values such as the optimal component sizes and the obtained
optimal objective according to the provided input data. Further, the output includes time–series data
representing the dispatch of the PtH2 unit elements.

3.3 Case study: Apply the tool at an Aurubis production site

The software tool is supposed to be applied in a case study at the production site of Aurubis in Hamburg.
Aurubis aims to set up a PtH2 unit at their production site in Hamburg to replace Natural Gas (NG) with
H2 in their Anode Furnaces (AF) in order to meet their climate targets established in 2021 [119]. Based
on the current NG consumption, the corresponding H2 demand in the case study is to be determined.
Consequently, this thesis is supposed to compute the optimal component sizes and an optimal dispatch of
a PtH2 unit together with expected Levelized Costs of H2 (LCoH2) and CO2–Footprint of H2 (FCO2,H2)
for the case study based on different scenarios.

Such representative scenarios for the case study are supposed to be set up and agreed upon with
the industry. The scenarios include perspectively different low–temperature El technologies, different
energy market developments based on historical data and different grid serving aspects. The scenario–
based optimization is supposed to consider the economic and a combination of the economic and the
environmental objective functions. Consequential recommendations are supposed to be drawn from the
obtained results.

3.4 Summary of the derived research questions

In the preceding sections, the research objective is formulated together with the requirements for the
optimization tool. The main aspect of the thesis is to determine optimal component sizes of a grid serving
PtH2 unit based on an economic and an environmental objective. To do so, an optimization model of a
PtH2 unit is developed. The definition of a grid serving operation is supposed to be worked out. These
derived questions summarized below are analyzed in the upcoming chapter 4 in greater detail.

a) How does the (historical) time–series describing the energy market look like?

b) Which techno–economic properties are suitable to describe the components of a PtH2 unit?

c) Are there any special restrictions that have to be respected in the case study?

d) How to determine the H2 demand in the case study?

e) How does this thesis define a grid serving operation?

f) Which application and software are used to set up the optimization tool?
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Chapter 4

Techno–Economic Analysis

Within this chapter, the techno–economic framework of the thesis is analyzed. The first section of this
chapter addresses the case study by assessing the Hydrogen (H2) demand and classifying further specific
considerations. This is followed by the description of the basic system design of the Power–to–Hydrogen
(PtH2) unit together with its technical and economic properties. Then, the power system is analyzed
by discussing time–series data concerning the electricity prices, auxiliary service prices and the Carbon
Dioxide (CO2) footprint. In addition, the aspect of grid serving operations is discussed followed by a brief
look at the used software.

4.1 Case study: Supplying Aurubis with hydrogen

This thesis is embedded in the joint research efforts of the Northern German Living Lab (in German:
“Norddeutsches Reallabor”, NRL) and the copper processing company Aurubis AG (in the following:
Aurubis) in Hamburg. Based on this cooperation, this thesis applies its optimization tool to a case study
based on data from the industry partner Aurubis. Within the decarbonization strategy of Aurubis, the
reducing Anode Furnaces (AF), which consume Natural Gas (NG) as a feedstock, are to be retrofitted to
operate with the reductant H2. To supply these furnaces, a PtH2 unit is planned to be installed at the
production facility of Aurubis.

The aim of this thesis is to compute the optimal component sizes of this PtH2 unit at the production
facility of Aurubis. The PtH2 unit includes potentially an electrolyzer, a battery, a pressurized hydrogen
storage and a compressor. The study will be based on data covering the historic NG demand and historic
prices on the energy markets. This section will discuss the specific parameters related to the case study. To
put the case study into context, a rough overview of the copper process at Aurubis and its decarbonization
strategy is given. This is followed by the analysis of the historic NG consumption and the calculation of
the corresponding hydrogen demand. Furthermore, the way in which electricity is purchased by Aurubis
is analyzed.
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4.1.1 Copper production at Aurubis in Hamburg

Aurubis processes primary and secondary copper in several processing steps. An overview of the primary
copper production is given in figure 4.1, the secondary copper production pathway is not discussed in this
thesis.

Figure 4.1: Graphical visualization of the processing steps applied for primary copper. The
graphic is based on Schlesinger et al. (2011) among others [95], [112], [116].

The treatment of primary and secondary copper consists of a large number of processing steps, which
involve heating, cooling and chemical reducing operations. For this thesis, the pyrometallurgical processing
steps are focused, which are followed by electrometallurgical and mechanical steps. Each step aims to
increase the purity of copper by precipitating the byproducts. The processing facility in Hamburg receives
copper concentrates with roughly 30 % of copper and the elements iron and sulfur [112]. First, the raw
copper is dried and treated in a flash smelting furnace to become copper matte, consisting of 64 % of
copper. During the flash smelting process, sulfur is precipitated in a gaseous state while silica and
limestone separate from the copper concentrate by forming a slag. This floating slag is precipitated so
that copper matte with a copper portion of 64 % can be forwarded to the converter [112].

The exothermal reaction in the converted gives the option to treat copper scrap as shown in figure 4.1.
The converter yields blister copper with a purity of 98 %. Within the converter, copper scrap can be
added which is then called secondary copper. This is favorable, as the treatment in the two furnaces
releases surplus heat, which can be used to melt the scrap [112]. The last pyrometallurgical processing
step takes place in the Anode Furnaces (AF). These furnaces oxidize the blister copper in the first place
to remove the remaining sulfur elements. Then, the melted copper is reduced to eliminate the remaining
copper oxides. This reducing processing step requires reducing agent respectively energy carriers as a
feedstock [35], [111], [112], [117].

The output of the anode furnace with 99.5 % copper is subsequently cast into anodes which are then
electrolytically refined. This results in copper cathodes with a copper proportion of 99.99 % [112], [116].
The mechanical treatment steps followed are not discussed in this thesis.

Decarbonization at Aurubis Putting the copper industry into context, it is one of many contributors
to the greenhouse gas budget illustrated in table 4.1. The Carbon Dioxide Equivalents (CO2,eq) caused
by the primary metallurgic industry for steel reflect a share of 18.4 % and for the aluminum industry of
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0.6 % in reference to the industrial sector in Germany. Other metallurgical products, such as copper are
responsible for 0.9 % of the emissions within that sector [24], [117], [136].

Table 4.1: CO2,eq emissions of the primary metallurgic industry distinguished in fer-
rous, aluminum and others in relation to total emissions caused by the industrial
sector in Germany in 2021 [24], [117], [136].

Ferrous Aluminum other Germany
(incl. Copper) (industrial sector)

in 106 tCO2,eq 30.91 0.92 1.56 167.71
in % 18.43 0.55 0.93 100.00

Aurubis aims to become CO2 neutral in 2050 [119]. This involves an electrification of thermal processes
and the implementation of CO2 neutral reductants for operations where energy carriers are consumed as
feedstocks. The case study in this thesis addresses such a swap from fossil–based reductant NG to in–house
produced H2.

For the case study, it is considered that the consumed electric energy related to the production of H2 is
from CO2–neutral origin. From a physical perspective, this would only be possible for a directly connected
CO2 neutral power generation unit. As this thesis assumes that the electric energy is drawn from the
power grid, the CO2 neutrality has to be ensured by Gurantees of Origin (GoO). As a consequence, the
processing facility of Aurubis in Hamburg will experience a reduced consumption of NG and an increased
consumption of electric energy if the case study is implemented. That leads to a decrease of CO2 emissions
as the procured electricity, hedged by GoO, is considered to be CO2 neutral.

Local circumstances According to a sustainability report of Aurubis in 2019, Aurubis bases its elec-
tricity procurement on a virtual hard coal power contract on the Over–the–Counter (OTC) market [7].
Within this thesis, it is assumed that the agreement includes monthly prices for coal power including the
procurement costs of coal, the respective costs of the European–Union–Allowances (EUA) certificates,
transportation and investment costs.

In addition, discussions with Aurubis showed that the power consumption of the PtH2 unit has to be
limited to 7 MWEP . Although this constraint might cut off the optimization tool in some scenarios, the
value is considered in this thesis to reflect the limitations at the production facility.

The required pressure level for the supply of the AF is at ∼10 bar relative to the atmosphere in
accordance with the industry partner Aurubis. A pressure throttling valve is not considered in this thesis
as the pressure output of the PtH2 unit is assumed to be always higher than the required AF pressure.
Further, emergency storage is incorporated for the investment costs. The storage should provide the option
to bridge eventual failures of the PtH2 unit for 8 hours and supply the H2 demanding processes. After
8 hours further measures have to be taken. The annual production of (anode–) copper of the production
facility in Hamburg is published by Schütte et al. (2022) to be 427,818 tCu [117].
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4.1.2 Coal power contract

As mentioned before, Aurubis procures its electric energy based on a coal power contract. Due to the fact
that the prices defined in that contract are only accessible to the contracting parties, an approximation
of the prices is made for this thesis. The applied calculations are shown in the following paragraphs by
calculating the Levelized Costs of Energy (LCoE) of coal electricity.

Coal traded under the “CIF ARA” label is considered to be the most important indicator of coal
prices in Europe as it represents the coal traded in the region of Amsterdam, Rotterdam and Antwerpen
[79]. The Lower Heating Value (LHV) of the hard coal is normed at 6000 kcal/kg [79]. As the CIF ARA
is traded in US–dollars, the prices are converted by the conversion ratio taken from the national bank
of Austria [100]. The wholesale market prices for coal are taken from investing.com [79]. In a study,
Lehmann and Lanzrath (2020) calculate the transport costs of coal in Germany to be 9.78e2022/t as an
average [90]. This transportation cost is considered as a price component (PriceT ransp.) valid for all years
of observation.

Additional to the coal prices, the expenses related to the EUA are factored in. Daily EUA prices
are drawn from investing.com [78]. The specific CO2 emissions of coal FtCO2/tcoal = 93.5 tCO2/tcoal are based
on publications of the German Environment Agency [137]. Investment (Inv) and Maintenance (M) costs are
considered according to the “Fraunhofer–Institut für Solare Energiesysteme” (Fraunhofer ISE) who considers
Invcoal at 1.5-2.2 · 106 e2021/MWEP [85]. This thesis will take the mean value of the span into account which
is 2.00 ·106 e2023/MWEP adjusted to the beginning of the year 2023 [85]. Further, the Mcoal are considered with
3 % of the annual Capital Expenditures (CapEx) according to similar publication [85]. Table 4.2 analyzes the
input data and the amount of Not–a–Number (NaN) values in the data sets.

Table 4.2: Tabular overview of the number of NaN values within the coal OTC describing time–series.

Res. 2019 2020 2021 2022∗

Total rows 365 366 365 334
NaN in EUA price 24 h 108 (29.6 %) 108 (29.5 %) 106 (29.0 %) 98 (29.3 %)
NaN in coal price (CIF ARA) 24 h 113 (31.0 %) 113 (30.9 %) 113 (31.0 %) 104 (31.1 %)
NaN in USD/EUR 24 h 110 (30.1 %) 109 (29.8 %) 107 (29.3 %) 98 (29.3 %)
∗Covering TS between January 1st, 2022 and November 30th, 2022.

As the wholesale market does not trade on public holidays, the time–series are interpolated. An overview of
the interpolation is given in the appendix on page XXXV. The figure 4.2 shows the resulting approximation of the
LCoE for the coal OTC contract. The LCoE are later interpreted as prices from the perspective of the industry
partner Aurubis.

These values in figure 4.2 are compared to publications from the International Energy Agency (IEA) in 2020
and Fraunhofer ISE in 2018 and 2021 for validation purposes [73], [85], [86]. The LCoE for lignite and hard coal
in 2018 is published by the studies to be approximately in the area of 45.9 to 98.6e/MWhEP as indicated in
the figure 4.2 in pink. For the year 2021, the studies determine the LCoE for coal power between 108.3 and
200.4e/MWhEP , as indicated by the blue background color. The calculated LCoE of coal power plants displayed
in figure 4.2 have an average of 104.4e/MWhEP for the year 2021. The estimated LCoE of coal–based electricity
is agreed with Aurubis.
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Figure 4.2: Monthly price series of a OTC coal contract based on NG and EUA price data
provided by investing.com among others [31], [73], [78], [79], [85], [86], [100].

4.1.3 Determining the H2 demand
The optimization tool bases its computations on a specified hydrogen flow demand. The determination of this
time–series for the case study is shown in this section. The industry partner Aurubis provides a time–series of
measurements performed in their primary smelter in Hamburg where two AF operate (called AF 8 and AF 9 by
the industry partner). The currently used reductant NG is replaced with the reductant H2 for this case study. To
do so, the NG time–series data is used to compute the H2 flow demand based on the specific Reducing factor (fred).

The NG mass flow ṁNG is affected by imprecise measurements and therefore filtered on behalf of Aurubis.
Based on this mass flow, the respective hydrogen demand is calculated by applying stoichiometric and experimental
considerations. As the downtimes periods of the production facility should be neglected, these periods are cut out
of the respective time frame.

Process filters and downtimes gaps In correspondence to the industry partner Aurubis, the mass flow
time–series is filtered by two criteria. The mass flow is only considered to be relevant when the measured mass
flow ṁNG is higher than 20 Nm3/h and the measured angle αAF of the furnace is higher than 80◦. The angle
indicates the position of the rotating anode furnaces and is applied in this filter to determine the process phase.
These conditions are summarized in equation 4.1 and 4.2 and visualized in figure 4.3 later on.

ṁNG > 20 Nm3/h (4.1)

αAF < 80◦ (4.2)

Additional to the applied criteria, maintenance downtimes are removed from the time–series. Aurubis maintains
its production facility in Hamburg several times during the observed time period. It can be expected that the
PtH2 unit would be switched off in these periods. Therefore the data points of the series have to be removed
from the input data of the tool. As soon as there is an interval of 16 hours with no measured gas flows, it is
removed. These periods are shaded red in figure 4.3. The nature of the filters is shown in figure 4.3 for both
the positional condition and the minimal flow rate. The background color indicates the filters. Further, the
maintenance downtime is shown in the third graph of the figure.

Calculating the H2 demand Based on the filtered NG demand, the hydrogen demand is calculated. The
applied procedure is shown for methane, representing the main component of Natural Gas (NG). Subsequently,
the same procedure is worked out for NG as well, based on NG samples discussed in the appendix A on page XXIX.
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Figure 4.3: Visualization of the H2 demand time–series determined for the case study and the applied
process–related filters. In addition, the downtime treatment procedure is shown.

In the following, equation 4.3 and 4.4, the reaction equations for both H2 and Methane (CH4) are shown.

4 Cu2O + CH4 −−→ 8 Cu + CO2 + 2 H2O (4.3)

Cu2O + H2 −−→ 4 Cu + H2O (4.4)

According to the equation 4.3 and 4.4, a mole of methane can reduce four times more copper molecules
compared to hydrogen. Thus the fred of CH4 is four times higher than of H2. This approach can also be applied
to NG by adapting equation 4.3 to represent all the molecules present in the gas mixture. According to data of
Gasnetz Hamburg GmbH, the NG consumed in Hamburg is composed of ∼94 % CH4 and other hydrocarbons [55].
Taking the actual composition into account, the reducing potential fredNG of one–mole NG can be determined
to be 4.094 dicopper oxide molecules as equation 4.5 shows. The calculations are shown in the appendix within
section A on page XXIX.

C1.044H4.044N0.013O0.015 + 4.094Cu2O −−→ 1.044CO2 + 2.022H2O + 0.013N2 + 2 · 4.094Cu (4.5)

According to Edens et al. (2022) who worked out an experimental study at Aurubis primary smelter in
Hamburg, the poling conversion is increased by the implementation of hydrogen [35]. The average conversion
efficiency of NG ηNG is determined to be 69 %, while hydrogen showed a conversion efficiency of ηH2 = 90 %. This
ratio must be considered next to the reducing factor ratio fred when calculating the hydrogen demand based on
NG according to equation 4.6. The density of H2 is considered to be ρH2 = 0.0899 kg/m3 [35], [83].

ṁH2 = V̇H2 · ρH2 = V̇NG · fred,H2

fred,NG
· ηNG

ηH2
· ρH2 (4.6)

= V̇NG ·
4.094 molCH4

molO2

1 molH2
molO2

· 0.69
0.90 · 0.0899 kg

m3
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Figure 4.3 summarizes the applied filters explained beforehand. The first graph shows the raw NG flow time–
series with the flow–criteria indicated as a dashed line. The values for NG are drawn as a volume flow at standard
conditions (1.013 bar and 0 ◦C). The second plot includes the corresponding angle of the AF, which determines its
position with the respective threshold as a dashed line. The lower plot shows the H2 consumption resulting from
applying the equations discussed above. Additionally to that, the third graph includes the maintenance criteria.
As the first graph shows, there is no consumption of NG measured between the 5th and the 9th, the developed
algorithm detects a maintenance downtime. As explained beforehand, this time frame is going to be excluded
during the simulation. Thus, the corresponding timestamps of all other time–series data such as electricity prices
or the CO2 factor are not considered.

Analyzing the hydrogen demand The resulting reductant demand is analyzed within this paragraph. To
do so, the data series is analyzed for missing values. Further, the consequences implied by the filtering procedure
explained beforehand are shown. Table 4.3 gives an insight into the data of the dataset used in the case study.
Note that Aurubis provides the data set with a minute-by-minute resolution.

Table 4.3: Tabular overview of the number of NaN values within the case study NG
measurements time–series.

Res. 2019 2020 2021 2022∗

Total rows 525600 527040 525600 367081
NaN in AF 8 NGraw 1 min 2347 (0.4 %) 184 (0.0 %) 72 (0.0 %) 66 (0.0 %)
NaN in AF 9 NGraw 1 min 1964 (0.4 %) 179 (0.0 %) 63 (0.0 %) 35 (0.0 %)
NaN in AF 8 α 1 min 2680 (0.5 %) 179 (0.0 %) 64 (0.0 %) 66 (0.0 %)
NaN in AF 9 α 1 min 2221 (0.4 %) 149023 (28.3 %) 78 (0.0 %) 55 (0.0 %)
NaN in NaN in

∑
NG 1 min 1964 (0.4 %) 179 (0.0 %) 63 (0.0 %) 35 (0.0 %)

NaN in
∑

H2 1 min 1964 (0.4 %) 179 (0.0 %) 63 (0.0 %) 35 (0.0 %)
∗Covering TS between January 1st, 2022 and September 12th, 2022.

Apart from values concerning the AF angle in 2020, the data are not affected by a large quantity of NaNs.
The missing data points are filled with the annual average of the specific year. The values covering the angle of
AF 9 are not filled by the average. The missing values are not considered in the filtering process.

As the reducant demand in the case study results from two furnaces that are either switched on or off, the
data are visualized in a histogram. Before that, an overview of the applied filters is given in table 4.4.

Table 4.4: Overview of the annual reducant demand in tReductant calculated for the study.

2019 2020 2021 2022∗

AF 8 NGraw 783.0 936.0 872.0 452.3
AF 9 NGraw 788.5 899.5 837.7 434.8∑

NGraw 1571.6 1835.5 1709.8 887.1∑
NGfilter 1333.1 1493.5 1531.8 807.6∑
H2,filter 492.4 551.6 565.8 298.3∑
H2,filter, downtime 492.4 551.6 565.8 298.3

∗Covering TS between January 1st, 2022 and September 12th, 2022.

The summative reductant demand1 in tReductant is gathered in table 4.4 for the four observed years 2019 to
1Note that the reductant consumption is measured at different measurement stations. Schütte et al. (2022) for example
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2022. The rows in the table describe the step–wise treatment. First, the two raw reductant sums from AF 8 and 9
are indicated. These time–series beneath are filtered in the explained manner and results in the summative values
for the specific year. The applied filter reduces the measured gas flow of AF 8 and 9 of approximately 1500 tNG in
2019 to approximately 1300 tNG, which is a reduction of ca. 15 %. To calculate the H2 demand, the stoichiometry
of equation 4.5 and the discussed experimental results from Edens et al. (2022) are applied [35]. The resulting
H2 demand is filtered for production interruptions. These downtimes are identified by searching reducant flow
gaps larger than 16 hours. Therefore, there is no difference in the two last rows identifying the H2 demand with
downtimes considered and not. The values for the year 2022 are smaller compared to the previous years because
2022 is only partially observed.

To run the simulations, a normal year is used as a standardized H2 consumption to simplify interpretations.
This standardized year is considered to be 2020, the differences between these years are shown in figure B.1 in the
appendix. Due to the alternating nature of the two AF, the H2 demand is not constant but interrupted and is
either on or off. This H2 demand structure is in favor of the operation of PtH2 plants, as the implementation of a
pressurized H2 tank can decrease the required Electrolyzer (El) capacity. The H2 storage decouples the operation of
the electrolyzer from the H2 consumption, thus a smaller dimensioned electrolyzer could operate during decreased
consumption.

4.2 Power–to–Hydrogen unit
The optimization model describes a PtH2 unit in a techno–economic manner. The assumptions and estimates
applied in this thesis are examined in this section. This is done by presenting the basic flow chart of the PtH2

system and examining its elements in great detail. The structure and the components of the PtH2 unit are
discussed on the basis of two relevant publications by Sens et al. (2022) and Röben et al. (2021) who simulated
PtH2 units in a techno–economic manner [111], [122]. Additionally, assumptions made by Schütte et al. (2022),
who worked out a qualitative assessment of PtH2 units in the context of the case study at the production facility of
Aurubis in Hamburg, are considered [117]. All costs mentioned in this section are adjusted for inflation according
to section 2.4.1, assuming an investment at the beginning of 2023, if not stated otherwise. The focus of the
subsequent section is the analysis of the El properties. A broad overview of the assumptions made in this thesis
is provided in table 4.5 on page 38.

4.2.1 Flowchart
An overview of the PtH2 unit is given in the basic flow chart displayed in figure 4.4. The displayed elements of
the unit Grid (Gr), Battery (Ba), El, Compressor (Co) and Storage (St) are explained subsequently. Thereby, its
economic properties such as the CapEx are identified together with the technical aspects. Moreover, the element
Process (Pr) is not described in particular, as it stands for the production process which has to be fed with H2.
This specifically required mass flow is computed in the section 4.1 “Case study”.

The two elements Gr and Pr represent the intersections with the environment of the PtH2 unit. The connection
arrows in figure 4.4 indicate physical connections implying either a flow of electric energy (straight lines) or of
H2 (dashed lines). The Ba can be charged with electricity from the Gr while supplying both the electrolyzer and
the compressor. Both electricity–consuming elements can be additionally supplied by a direct connection to the
electricity grid. The El can be supplied with electric energy in several ways. Basically, the El is connected directly
to the Gr and to the Ba. Further, an additional Gr to El connection is implemented which includes Auxiliary
Service (AuxS) as shown in figure 4.4. These AuxS are provided by the electrolyzer alone without the Ba or any

consider 1,892 tNG as an average without any process–related filters [117].
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Figure 4.4: Basic flowchart of the modeled PtH2 unit. Dashed lines indicate a H2
flow and straight lines an electric energy flow.

other elements of the PtH2 unit. This thesis considers either a Proton Exchange Membrane Electrolyzer (PEMEL)
or an Alkaline Electrolyzer (AEL).

The H2 storage can be charged by the El supported by a Co to elevate the pressure level. The compressor
is supplied with electric energy directly by the grid or by the Ba. The process, reflecting the H2 demand to be
satisfied, itself can be supplied either by the electrolyzer directly or by the H2 storage. The elements of the PtH2

unit are about to be explained in the subsequent sections in greater detail.

4.2.2 Grid connection
The unit grid connection depends on local circumstances. Schütte et al. (2022) analyze the construction of a
PtH2 system at the production facility of Aurubis in Hamburg and assume that the investment costs to connect
the PtH2 unit with the electric grid has to be considered. This implies the need for transformer stations and
construction work. Sens et al. (2022) and Röben et al. (2021) do not consider such expenses.

Specific investments and lifetime Schütte et al. (2022) assume costs of about 700e2023/kWEP which is
depreciated for 20 years [117]. The value can not be confirmed directly, as the prices for medium and high voltage
grid connections are negotiated by a Distribution System Operator (DSO) like “Stromnetz Hamburg GmbH”
individually with customers. For comparison, a local DSO charges roughly 200e2023/kWEP for private customers
(assuming low voltage grid connections based on Stromnetz Hamburg GmbH and own calculations) [129]. With
this comparison in mind, the assumption made by Schütte et al. (2022) seems to be high. Therefore, this thesis
considers a weighted average of 300e2023/kWEP .

The lifetime of a Gr connection assumed by Schütte et al. (2022) can be justified by the German Federal Office
of Finances which considers a lifetime for transformation units in the electricity sector of 20 years [8]. Thus, this
thesis applies a lifetime of the grid connection for 20 years.

Maintenance The maintenance expenses estimated by Schütte et al. (2022) to contribute to the annual costs
with 3 % of the CapEx are considered in this thesis as well [117].
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4.2.3 Battery
The battery is implemented to store electrical energy. Necessary information is provided in section 2.2.1. As
Iskeceli et al. (2020) state, Lithium-Ion Battery (Li–Ion Ba) batteries are the most suitable storage to store volatile
renewable energy electrically [81]. Sens et al. (2022) implement this technology as well. Relevant properties for the
implementation in the optimization tool such as the CapEx and the maintenance exposures are provided below.

Specific investments and lifetime The specific investments concerning the Ba value is based on the input
properties of Sens et al. (2022) who refer their considerations on a publication of International Renewable Energy
Agency (IRENA) in the year 2019 and others such as an overview of battery costs published by Cole et al. (2021)
[19], [74], [105], [122], [141]. The investment is determined to be 362,100e2023/MWhEP when converted to actual
currency exchange rates. Mauler et al. (2021) work out a comprehensive study on battery costs and projections.
For 2020 costs for the battery pack itself were expected to be at an average of 308.7e2020/kWhEP (adjusted2 to
e2020) [93]. The costs implemented by Sens et al. (2022) is considered to be more reasonable as Mauler et al.
(2021) do not factor in all cost components (like revenues and the periphery of a battery pack). Therefore, this
thesis applies the CapEx factor of 370,000e2023/MWhEP for its simulation. Whereby, it is assumed that this
specific investment cost considers the operational capacity.

According to the German Federal Office of Finances, a battery has a Component lifetime (tComp) of 15 years
[8]. Within this thesis, the same value is applied although this might lead to an underestimation of costs as the
battery might experience many discharge cycles. As the lifetime of the Ba is shorter than the project lifetime
(20 years), a Reinvestment (Invre) of the full extent is considered together with the consequential residual value
of the Ba unit as explained in section 2.4.1.

Maintenance The annually expected maintenance exposure is expected to be about 3 % of the investment costs
according to the literature mentioned in the paragraph above. This value is considered within the determination
of the CapEx in this thesis.

Efficiency The efficiency of the battery is assumed to be 0.87 kW hout/kW hin according to Sens et al. (2022)
and relevant literature [19], [74], [105], [122], [141].

4.2.4 Electrolyzer
The theoretical operating principle and specifics concerning the electrolyzer are already discussed in section 2.2.2.
This section discusses the specific properties to be implemented in the optimization model. To do so, economic
properties such as specific investment costs, maintenance exposures and technical properties such as the efficiency
are analyzed by a literature review. As stated before, this thesis does not include the Solid Oxide Electrolyzer
(SOEL) technolgy due to the compareably low Technology Readiness Level (TRL) [16], [56], [106], [125].

Literature does not agree on the technology suitable for PtH2 applications. Röben et al. (2021) simulate their
PtH2 unit based on an AEL. They defend their decision by addressing the high TRL of the system. Sens et al.
(2022) consider a PEMEL in their study and point out the advantages of the PEMEL properties in connection
with volatile energy supply from wind and solar generating sources [122]. Thereby the aspect of load flexibility
of PEMEL is highlighted in contrast to Roeben et al. (2021) who assume that AEL systems achieve a similar
flexibility [111]. Sens et al. (2022) and Roeben et al. (2021) base their assumptions both on Buttler and Spielhoff
(2018) and Smolinka et al. (2018), who summarize electrolyzer properties [17], [125]. Tuschewitzki (2021) draws
the consequences from his simulations that PEMEL interacts better with the highly volatile power supply when

2$/e in 2020: 1.14 [100]
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compared to AEL. Thereby he identifies the minimal loads and the start–up times as the limiting operational
factors for AEL [135]. Subsequently, the base parameters to be implemented in section 5.2.3 for the AEL and the
PEMEL are discussed.

Specific investments Because electrolyzers are still under development and production capacity is increasing,
investment estimates in the literature vary. Therefore, a literature study is conducted in the following. All costs
are adjusted for inflation according to section 2.4.1. An overview of the literature values is given in figure 4.5.

Figure 4.5: Summary of the conducted specific El investment literature research and the
assumption made in this thesis indicated by a vertical dashed line. Circles represent distinct
studies of El investments and squares indicate assumptions in other techno–economic assess-
ments [17], [52], [111], [117], [122].

Buttler and Spielhoff (2018) determine a specific Inv range between 924 and 1,733e2023/kWEP for AEL sys-
tems and a higher cost range for the PEMEL technology of 1,162 to 2,273e2023/kWEP [17]. Röben et al. (2021)
implement a linear investment function for their AEL system of 1,135e2023/kWEP well within the cost range men-
tioned before. Additionally, Röben et al. (2021) consider a Invre of about 307e2023/kWEP or roughly a quarter
of the initial Inv costs after ten years of operation for the El–stack [111]. Sens et al. (2022) draw their estimate
for their PEMEL electrolyzer from a IRENA report in 2019 and the publication “Klimaneutrales Deutschland”
supervised by the Prognos AG among others [74], [105], [106], [122], [148]. Their PEMEL electrolyzer is imple-
mented with a linear cost function of 1,152e2023/kWEP . Schütte et al. (2022) applies specfic investment costs for
a PEMEL electrolyzer to be 1,000e2023/kWEP [117]. Compared to a recent publication by the Fraunhofer ISE in
2022, the mentioned values seem to be too high. The study considers the specific investment costs of PEMEL to
be 980e2020/kWEP and for AEL 820e2020/kWEP in the year 2020 [52]. Note that the Fraunhofer includes the
specific cost for the compression in the case of AEL which is excluded in this thesis as the thesis considers the
compression separately.

Röben et al. (2021) and Sens et al. (2022) and Schütte et al. (2022) do not consider an investment cost
reduction for larger module sizes and work with linear cost functions. This thesis follows this approach and assumes
a linear relation between El capacity and El investment. Further, this thesis considers specific investments described
by Fraunhofer ISE in 2022 for a PEMEL electrolyzer at 1,078e2023/kWEP and for an AEL at 902e2023/kWEP .
Both values consider inflation rates according to section 2.4.1. In addition, a stack replacement is considered for
one–quarter of the initial Inv cost as applied by Röben et al. (2021).

Maintenance and lifetime Smolinka et al. (2018), expect higher annual maintenance costs for AEL than
for PEMEL whereas both values settle down between 1.5 and 3 % of the CapEx [125]. Buttler and Spielhoff (2018)
estimate maintenance costs of 2 to 3 % for AEL and of 3 to 5 % for PEMEL referenced to the CapEx. Sens et al.
(2022) implement 3.5 % while Röben et al. (2021) and Schütte et al. (2022) use 3 % for theirs. This work expects
annual maintenance costs to be at 3 % of the CapEx for both AEL and PEMEL following Röben et al. (2021) and
Schütte et al. (2022).
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According to Buttler and Spielhoff (2018), an AEL has a lifetime of about 55,000 to 120,000 h. In contrast,
a PEMEL has a lifetime of 50,000 to 100,000 h [17]. Assuming a continuous operation (8,000 h p. a.), this would
correspond to an operation between 6.8 and 15 years. Whereas Röben et al. (2021) distinguish between a stack
lifetime of 10 years and a system lifetime of 20 years for their AEL, Sens et al. (2022) consider a deprecation time
of 15 years [111], [122]. The study by the Fraunhofer ISE underlines the necessity of a stack replacement after
typically ten years [52]. Within this thesis, a tComp of 20 years for both El systems is assumed. In addition, a
stack replacement is considered after 10 years, following the assumption of Röben et al. (2021) [111].

Load Gradient Buttler and Spielhoff (2018) mention load changes within seconds at nominal operating tem-
peratures for both PEMEL and AEL [17]. Tuschewitzki (2021) summarizes that load gradients do not have a
relevant impact on the system behavior at minute resolution due to the fast dynamics [134]. According to Kopp
(2018), a PEMEL can increase its operating power by 10.0 %/s of its nominal load whereas the total system can
ramp up with 2.2 %/s [84]. This implies that load changes can not be described with a discretization of more
than ∼30 min as their behavior becomes instantaneous. Buttler et al. (2018) and Kopp (2018) state that the
flexibility of PEMEL is suitable to provide AuxS for both Frequency Containment Reserve (FCR) and Automatic
Frequency Restoration Reserve (aFRR) [17], [29], [84]. This aspect is already demonstrated by a couple of projects
for example by the H&R Group in Hamburg for aFRR and by “Energie des Nordens” for FCR [53], [63]. The
capability for AEL is demonstrated by Kiaee et al. (2012) in a simulation [82].

This thesis assumes an instantaneous behavior for AEL and PEMEL units whereas it discusses the load
gradients in a sensitivity study.

Start–up Sens et al. (2022) and Roeben et al. (2021) argue that start–up phases in cold conditions can
be neglected either because of continuous H2 supply or because of an intelligent control unit combining many
small–scale electrolyzers [111], [122]. As this thesis does not consider downtimes in the production (or assumes
that maintenance periods are carried out during the downtimes of the entire plant) this approach is followed and
start–up phases are not considered.

Minimal Load Buttler and Spielhoff (2018) identify the El minimal load (Elmin) for AEL to be 20 % although
they mention a few examples with Elmin of 10 %. Further, the minimum load for PEMEL is considered to be
negligible [17]. Tuschewitzki (2021) identifies the Elmin to be the main operational difference between AEL and
PEMEL at nominal temperatures (together with the cold start behavior, which is not addressed in this thesis as
stated above) [134]. Röben et al. (2021) implement a minimum load for their AEL at about 20 %. Sens et al.
(2022) do not consider the minimum load for its PEMEL although a datasheet of the Silyzer 300 includes a Elmin

of 5 % [122], [123]. Data–sheets from H–TEC Systems GmbH include a Elmin of ≥20 % wheras Kyros Hydrogen
Solutions GmbH mentions a minimal range of ≥10 to 20 % in their PEMEL data-sheet [62], [89].

As three suppliers consider an Elmin, this thesis will implement the AEL and the PEMEL with Elmin of 20 %
and 5 % respectively although literature does not implement them. Additionally, this value will be discussed in a
sensitivity study.

Efficiency Tuschewitzki (2021) shows that the assumption of static efficiencies, applied in Röben et al. (2021)
(60 % for AEL) and Sens et al. (2022) (60 % for PEMEL), leads to an underestimation of the hydrogen production
[134]. Whereas the consideration of non-linear efficiencies implies high computing times of the optimization tool
due to the non–linearity of the resulting constraints [60]. According to the H2 production curves discussed in
section 2.2.2 the uncertainty due to the assumption of a static efficiency is considerably small. This assumption is
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confirmed by Varela et al (2021) who set up a scheduling algorithm for AEL systems based on a static efficiency
of 66 % due to computing time [140]. An overview of the literature data is given in figure 4.6.

Figure 4.6: Summary of the conducted El efficiency literature research and the assumption
made in this thesis indicated by a vertical dashed line. Circles show averages and ranges,
squares indicate data sheets and triangles a median value. ∗Efficiencies are based on the
LHV [6], [17], [84], [94], [111], [115], [117], [122], [123], [132].

Buttler and Spielhoff (2018) summarize the efficiency of AEL to be in between 63 and 71 % whereas PEMEL
settles in between 60 and 68 % based on the LHV [17]. The tendency of higher efficiencies for the AEL is supported
by Milanzi et al. (2018) whereas they find a lower median in their literature review of ∼63 % for AEL and ∼57 %
for PEMEL (grey) [94]. The “Arbeitsgemeinschaft für sparsamen und umweltfreundlichen Energieverbrauch e.
V.” (ASUE, 2020) sees potentials for both technologies from 78 % (AEL) and 74 % (PEMEL) up to 84 % based on
the LHV (blue) [6]. A datasheet from the Siemens Silyzer 300 (PEMEL) claims an efficiency of 63.9 % referenced
to the LHV, which is lower compared to a datasheet of thyssenkrupp Uhde for an AEL system with 69.3 % (at
300 mbar differential pressure, whereas the other values are based on pressures >30 bar) [123], [132]. Note that
Kreidelmeyer et al. (2020) conclude, in contrast to the literature mentioned beforehand, that PEMEL have a
higher system efficiency compared to AEL whereas they do not state any distinct values [106]. The relation of the
El efficiency and pressure discussed by Tjarks (2017) are not considered in this thesis [133]. Tjarks notes, that
an increased pressure reduces the electrolysis efficiency while it has the potential to increase the system efficiency
due to lower compression work.

The different efficiencies found in literature and in data sheets (summarized in figure 4.6) show a slightly higher
efficiency of AEL compared to PEMEL systems. This thesis takes that into account and assumes approximated
efficiencies of 65 % for AEL and 63 % for PEMEL systems.

Temperature and pressure Smolinka et al. (2018) show that the pressure of PEMEL is ≤70 bar and for
AEL the pressure is ≤30 bar which is similar to the findings of Buttler and Spielhoff (2018) [17], [125]. The two
stimulative studies from Röben et al. (2021) and Sens et al. (2022) assume an electrolyzer outlet pressure of
30 bar (AEL) and 50 bar (PEMEL), both in the range of the previously stated article [111], [122]. These values
are applied in this thesis.

The cell temperature of the electrolyzer is not considered in the articles of Röben et al. (2021) and Sens et
al. (2022). Literature such as Smolinka et al. (2018) show that typical temperatures for PEMEL are within 50 to
80 ◦C and for AEL 70 to 90 ◦C [125]. The temperature applied in this thesis for the PEMEL is about 65 ◦C and
for the AEL is about 80 ◦C.

Water consumption The electrolyzer consumes approximately 8.94 kgH2O/kgH2 according to stochiometry
elaborated in section 2.2.2. Schütte et al. (2022) consider the consumption of 17 kgH2O/kgH2 as aspects like the
desalination process and excess water usage has to be incorporated [117]. Thus, sewage water is factored in with
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8.06 kgH2O/kgH2. The study includes water and sewage prices of 2e/m3 such as Schütte et al. (2022) who base
their prices on the local water supplier ”HAMBURG WASSER“ [64], [117].

4.2.5 Compressor
The relevant theory addressing the compressing unit is discussed in section 2.2.3. In the following, the implemented
parameters of the compressor are briefly outlined. The pressure ratio between the electrolyzer and the storage is
not simulated, thus a constant pressure ratio is assumed. This fact leads to an overestimation of the necessary
compression work, as the real compression ratio would not extend to the maximal storage pressure. The impact
of the compression ratio will be discussed in a sensitivity study.

Compression work and efficiency The thermodynamic reversible work (wrev) to compress the hydrogen
in the case it is filled to the storage is calculated according to the formula introduced in section 2.2.3. The formula
takes the electrolyzer temperature and its outlet pressure into account. In addition, it considers the maximal
storage pressure. Based on the computed compression work, the required work is calculated by the electrical
efficiency of the compressor. Equation 2.8 in that mentioned section takes the electrical efficiency into account
which is assumed to be ηCo= 0.79 % by Sens et al. (2022) among others [122], [135]. This assumption fits well in
the range of 50 % to 80 % assumed in a report concerning compressor costs from the “National Renewable Energy
Laboratory” (2014) in the USA [96]. A compressor efficiency of 79 % is applied in this thesis to compute the real
work (wreal).

Specific investments and lifetime The specific CapEx of the compressor is discussed within this section.
Sens et al. (2022) implement a linear cost function based on the maximal mass flow of H2 [122]. The specific
investment cost of the compressor for the year 2023 is determined to be 2,021e2023/(kgH2/h) when considering
inflation according to section 2.4.1 [122]. Röben et al. (2021) implement a fixed cost for the Co of approximately
567,600e2023 combined with a linear cost function of 2,770e2023/(kgH2/h) [111]. A publication of the “Fraunhofer–
Institut für Solare Energiesysteme” in 2022 takes specific compressor costs between 2270 and 7719e2023/(kgH2/h)
into account [52]. This thesis bases its assumption on the previously mentioned values and implements specific Co
costs of 2500e2023/(kgH2/h).

According to the German Federal Office of Finances, compressors have a lifetime of 15 years, which is identical
to the assumptions implemented by Schütte et al. (2022) and Sens et al. (2022) [8], [117], [122]. Therefore, this
thesis assumes a lifetime of 15 years as well with a full reinvest after that lifetime and the consequential residual
value after the project lifetime of 20 years as explained in section 2.4.1.

Maintenance Sens et al (2022) consider annual maintenance costs of 5 % based on Reu et al. (2019), whereas
Röben et al. (2021) estimate lower annual maintenance exposures [109], [111], [122]. This thesis assumes mainte-
nance costs of 5 % following the assumptions of Reu et al. (2019) and Schütte et al. (2022).

H2 leakage In contrast to Röben et al. (2021), Sens et al (2022) do consider hydrogen losses at the compression
stage of 0.005 kgH2,loss/kgH2,in. This fact is considered within this thesis as well.

4.2.6 Pressurized storage
The pressurized tank working as hydrogen storage is described in this section by discussing the parameters to
be implemented in the optimization tool. The maximum pressure level of the tank will be determined in the
post–processing step following the simulations.
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Table 4.5: Applied techno–economic parameters of the PtH2 unit within this thesis. The prices are
adjusted toe2023 according to inflation and currency exchange rates discussed in section 2.4.1 [100], [128].

Component Parameter Unit Value Reference
Grid specific Inv e/MWEP 300,000 [117], [129]

Maintenance %of CapEx/a 3.0 [117]
Depreciation a 20 [117]
Max. Capacity MWEP 7 assumption∗

Li-Ion battery CapEx e/MWhEP 370,000 [19], [74], [105], [122], [141]
Maintenance %of CapEx/a 3.0 [19], [105], [122]
Lifetime tComp a 15 [8]
Efficiency kWhel,out/kWhel,in 0.87 [19], [74], [105], [122], [141]

PEMEL specific Inv e/MWEP 1,078,000 [52], [122], [123]
specific Invre

∗∗ e/MWEP 0.25 · Inv [8], [52], [111]
Lifetime Inv,Invre

∗∗ a 20, 10 [8], [52], [74], [105], [122]
Maintenance %of CapEx/a 3.0 [52], [74], [105], [122]
Efficiency kWhH2,LHV /kWhel,in 0.63 [84], [106], [122], [148]
Outlet pressure barout 50 [17], [122]
Outlet temperature ◦C 65 [17], [122]
Minimal load Elmin kWhH2,LHV /kWhel,in 0.05 [17], [122]
Load gradient∗∗∗ %(kWel,max)/min 100 [17], [84]

AEL specific Inv e/MWEP 902,000 [17], [52], [77], [111]
specific Invre

∗∗ e/MWEP 0.25 · Inv [8], [52], [111]
Lifetime Inv,Invre

∗∗ a 20, 10 [8], [52], [111]
Maintenance %of CapEx/a 3.0 [17], [111]
Efficiency kWhH2,LHV /kWhel,in 0.65 [17], [111]
Outlet pressure barout 30 [17], [111]
Outlet temperature ◦C 80 [17], [111], [125]
Minimal load Elmin kWel,in/kWel,max 0.20 [17], [111]
Load gradient∗∗∗ % kWel,max/min 100 [17], [111]

Compressor specific Inv e/(kgH2/h) 2,500 [101], [109], [122]
Maintenance %of CapEx/a 5.0 [109], [122]
Lifetime tComp a 15 [109], [122]
Efficiency kWhideal/kWhreal 0.79 [97], [101], [108], [122]
Compression work kWhreal wreal

+ [97], [101], [108], [122]
H2 losses kgH2,loss/kgH2,in 0.005 [109], [122]

Pressure tank specific Inv e/kgH2 530 [87], [108], [110], [122]
Maintenance %of CapEx/a 2.0 [108], [122]
Lifetime tComp a 30 [108], [122]
H2 loss kgH2,loss/kgH2,in 0 [108], [122]
Storage pressure bar 100 assumption

Other Labor e/a 195,000 [117]
GoO eH2O/MWhEP 3 [117]
EPC++

Water consumption lH2O/kgH2 17 [117]
Water price e/m3

H20 2 [117]
Interest rate %/a 6 [25], [111]
Inflation+++ %/a 2 [40], [128]

∗See case study in section 4.1.1; ∗∗Invre considers only the El stack; ∗∗∗At nominal temperatures.
+wreal = f(pSt, pEl, TEP ); ++See section 4.2.7; +++Assumption for the project lifetime.
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Specific investments and lifetime Sens et al. (2022) expect an investment of 524e2023/kgH2 for a pressure
tank with a maximum pressure of 200 bar based on Reu et al. (2017) [108], [122]. Röben et al. (2021) assume
a similar value (534e2023/kgH2) for the same maximal pressure [111]. Therefore, this investment cost factor of
530e2023/kgH2 is considered in this thesis.

According to the German Federal Office of Finances, pressure tanks can be depreciated within 15 years, Sens
et al. (2022) assume a longer lifetime of 30 years [8], [122]. Within this thesis, the lifetime of the pressurized St is
expected to be 30 years.

Maintenance The expected annual maintenance exposures of the pressure tank are assumed to be 2 % of the
CapEx according to Reu et al. (2017) [108]. This value is applied within this thesis.

4.2.7 Further aspects
This section is dedicated to costs and aspects that can not be referenced to a specific PtH2 element but are
important to be considered. Costs for the periphery of the PtH2 unit are not considered. In contrast to Schütte
et al. (2022), this thesis assumes that the necessary costs are already included in the individual costs of the PtH2

elements [117].
This section addresses aspects like the labor costs and financial parameters such as the interest rate and the

expected inflation for the project lifetime.

Labor costs According to Schütte et al. (2022), the staff hired to take care of operations of a PtH2 plant can
be considered to cost 195,000e2023/a [117]. This factor will be included in the simulation tool within the objective
function.

Interest rate The interest rate assumed in this thesis is 6 % to determine the annual CapEx based on the
Anode Furnaces (AF). The value is orientated on Röben et al. (2021) who calculate with 5.2 % in 2021 and the
recently increased Interest rate (rint) [25], [111].

Project lifetime and inflation For the calculation of the investment costs, a project’s lifetime and inflation
rate have to be considered. This thesis assumes a Project lifetime (tP roject) of 20 years similar to assumptions by
Röben et al. (2021) [111]. The annual inflation during these 20 years is assumed to be 2 %. The inflation rate is
taken from the targeted inflation rate by the European central bank [40].

Gurantees of Origin This thesis considers GoO of 3e/MWhEP according to Schütte et al. (2022). The
price is considered in the case study for the procurement of renewable certified electricity.

Electricity–Price–Compensation As explained, the Electricity–Price–Compensation (EPC) is a regulative
system to release the price pressure on energy–intense enterprises. Schütte et al. (2022) publishes values for the
FEligable = 80 %, the FF allback = 80 % and the FIntensity = 75 % [117]. The EUA prices are reflected by the
average of the previous year respectively. The CO2–Footprint (FCO2) is defined to be 0.72 tCO2/MWhEP and
1 GWh is considerd to be deductible within the respective law [12], [26].

4.3 Energy markets
To describe the power system in this thesis, several time–series of relevant properties are presented and analyzed.
The applied data–treatment procedure is summarized in figure 4.7. The Time–Stamp (TS) and the data format
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of the respective series are adjusted. Then, the Not–a–Number (NaN) values in the time–series are parsed and the
time–series are merged with respect to their common TS. This is followed by a technical analysis by visualizing their
developments in the last four years. First, the commodity prices on the spot markets for electricity are discussed.
Then, the compensation allowances for the AuxS and the specific FCO2 of the electricity mix (sometimes called:
system–average emission factor [71]) are analyzed. The section closes with a look at the correlation between the
time–series. Concerning the different observed years, it is important to mention that 2020 is a leap year. All the
TS of time–series data are converted to the Coordinated Universal Time (UTC) timezone format.

Figure 4.7: Schematic visualization of the time–series data treatment process applied
in this thesis.

4.3.1 Electricity prices
This section analyzes the implemented commodity prices for electric energy in the last four years. As already
described in the section 2.1, electric energy can be procured in several ways. This section focuses on the spot
market in Germany which is operated by the Epex Spot SE (EPEX) among others [5]. It consists out of the
Day–Ahead (DA) and the Intraday (ID) markets [38]. The ID continuous market is not considered within this
thesis, as the quantity is considerably small [38].

Table 4.6: Tabular overview of the number of NaN values within the respective DA and
ID related time–series. Based on EPEX [38].

Res. 2019 2020 2021 2022∗

Total rows 35040 35136 35040 32156
NaN in DA 60 min 26280 (75.0 %) 26352 (75.0 %) 26280 (75.0 %) 24117 (75.0 %)
NaN in ID 15 min 0 (0.0 %) 0 (0.0 %) 0 (0.0 %) 0 (0.0 %)
∗Covering TS between January 1st, 2022 and December 1st, 2022.

Table 4.6 gives an overview of the dataset consisting out of the spot market prices. For an overview, the
beginning and the end of the time–series are listed together with the number of rows. Further, a quantitative
overview of NaN values is given. In the case of the DA prices, the share of NaN values of 75 % is explainable by
the fact that the ID market clears every 15 minutes whereas the DA market clears every hour. Therefore, the DA
values are valid for the full hour whereas the ID values only represent a quarter–hour.

Figure 4.8 compares the DA and the ID spot markets with an OTC coal power contract by a box–plot
visualization. Note that the box–plot is built up by the box itself, which represents the interquartile range
(representing the inner 50 % of the values) and the whiskers next to the box indicate the minimal and the maximal
value. Thus, the conventional outlier indication is not applied within this thesis. The median is indicated by a
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Figure 4.8: The prices for electric energy traded on the spot markets (ID and DA) and the estimated
costs of a monthly altering coal PPA visualized in a monthly box–plot. Based on data provided by EPEX
and investing.com among others [38], [78], [79], [100].

horizontal line splitting the box into two parts. A key difference between the DA and ID market is the bandwidth
indicated by the length of the whiskers. Whereby the DA prices only show a small difference between the maximal
and the minimal price, the ID prices have an increased spread. The DA market experiences an increased spreading
since the winter of 2021, indicating higher fluctuating prices. The time–series considering ID and DA prices show
an increase in the median value starting in the winter of 2021. This price increase is explained by the increasing gas
prices by Consentec GmbH and several reports of the European Commission each analyzing the gas and electricity
markets [20], [43]. Gas power plants are often the price setter as they are used to deliver the marginal capacities
and therefore set the marginal price of the merit–order [43]. According to reports of the European Commission,
the price increases in 2022 can be explained by the Russian invasion of Ukraine followed by announcements of
Russian gas suppliers to throttle their deliveries. The market reactions forcing the price up and down in 2022 are
attributed to policy announcements in Europe. Further, the reports underline the relevance of a decreased supply
by french nuclear power plants as they experience outages [43].

The coal power contract is discussed in section 4.1 addressing the case study in further detail. Nevertheless, it
is compared with the spot prices in this paragraph briefly. As the coal contract consists of monthly prices, there
are no whiskers in the figure. The price increase of the coal power contract starting in 2021 can be explained by
raising EUA prices and the switch from gas to coal power generating plants. Consequently, the spot markets for
coal react to the higher demand with increasing prices as the European Commission summarizes in its report for
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Figure 4.9: The prices for electric energy traded on the ID and DA markets visualized in a histogram
with a logarithmically scaled y–axis. Based on data provided by EPEX [38].

the second quarter of 2022 [43]. According to the histogram in figure 4.9, the coal prices are slightly higher than
the median spot market prices but not for the year 2022.

According to quarterly publications of the European Commission, the number of hours with a negative price
for electricity on the spot DA market increased in 2020 due to the pandemic. The number of negative prices
decreased in 2021 to the level of 2019 [43]. This effect can be identified for the DA market in figure 4.9, note the
logarithmic scaling of the y–axis. The ID market experiences more hours with negative prices and could therefore
be of special interest for the operation of PtH2 units. Further, figure 4.9 shows the wide distribution of prices for
the years 2021 and 2022. In the case of 2021, the publications of the European Commission and the boxplot in
figure 4.8 show that the first quarters behaved similarly to the years 2019 and 2020 while the last quarter is driven
by high gas prices [43]. This can plausibly explain the peak in the histogram of 2021 similar to the previous years
while showing a wide distribution for higher prices similar to 2022.

4.3.2 Auxiliary service prices
According to the description in section 2.1, AuxS such as the FCR and the aFRR are auctioned by the Transmission
System Operator (TSO). In contrast to the FCR which considers only a Capacity Price (PriceCap), the auction of
aFRR consists of a PriceCap and a Operating Price (PriceOp) for positive and negative services respectively. This
thesis focuses on the PriceCap as already explained in section 4.2. It is assumed, that the PtH2 unit participates at
the PriceOp auction with a “high price strategy” or “capacity–only”. Therefore it is expected that this will never
be chosen to operate. These auction results for the PriceCap are analyzed in table 4.7.
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Table 4.7: Tabular overview of the number of NaN values within the AuxS related time–
series.

Res. 2019 2020 2021 2022∗

Total rows 35048 35144 35048 32164
NaN in FCR 15 min 288 (0.8 %) 780 (2.2 %) 8352 (23.8 %) 960 (3.0 %)
NaN in aFRR(+) 15 min 360 (1.0 %) 24 (0.1 %) 0 (0.0 %) 384 (1.2 %)
NaN in aFRR(-) 15 min 408 (1.2 %) 204 (0.6 %) 0 (0.0 %) 384 (1.2 %)
∗Covering TS between January 1st, 2022 and December 1st, 2022.

The time–series data drawn from the website smard.de operated by the “Bundesnetzagentur” (BNetzA) are
analyzed in table 4.7 and in figure 4.10 [14]. The quantity of NaN values occurring in the positive and negative
aFRR series is small and therefore not elaborated further. The situation for the FCR time–series is different as
it is affected by a large quantity of NaN values in the years 2021 and 2022. All NaN values of the time-series
considering the FCR and both aFRR prices are filled by interpolated values. The interpolation is exemplarily
shown in figure C.1 on page XXXV in the appendix for the FCR values.

Figure 4.10: PriceCap per 15 min interval for the FCR and the aFRR displayed as a monthly boxplot
based on data provided by the BNetzA referenced to a quarter of an hour [14].

The time–series of the AuxS prices visualized as a box–plot in figure 4.10 give an overview on the trends and
the bandwidth of the values for the last four years. At the beginning of the observed time frame, a very small
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spread of the values (length of the whiskers) can be identified. This can be explained by a regulatory change.
In July 2019, the FCR auction was adjusted so that daily rather than weekly periods were traded. A similar
regulatory adjustment was performed on the first of July 2020 when the auctioned FCR period was reduced to
represent 4 hours. These adjustments can be seen in the spread, which increased in July 2019. Consequently, more
auctions per month take place which makes the chance for an increased spread more likely. Similar to the FCR
prices, the aFRR market is affected by regulatory changes as well. According to Consentec, the bidding system for
aFRR services was changed in November 2020 by implementing a second Balancing Energy Market (BEM) next
to the existing Balancing Capacity Market (BCM). This led to an increase in the PriceCap displayed in figure 4.10
[20]. Note that each displayed value represents the price referenced to a quarter of an hour [14].

The end of the three whiskers is not shown in figure 4.10. The aFRR(-) experiences its peak on December 8th,
2019 which extended up to 81.41e/MW while the aFRR(+) rises on November 13th, 2021 up to 82.26e/MW.
The FCR service experiences its peak on November 2nd, 2021 which extends up to 102.6e/MW. A price increase
can be identified in October 2021 for all AuxS capacity prices. According to Consentec GmbH, the rising prices
for the FCR services starting in October 2021 can be explained by the rising gas prices [20].

Figure 4.11: Histogram describing the scattering of the aFRR operating prices with a logarithmic notation
of the y–axis based on smard.de [14].

Due to the high price strategy which assumes bidding prices for the operational market PriceOp as high as
the regulations allow, this thesis assumes that the El participates as a capacity reserve for aFRR but never
delivers aFRR. This assumption is strengthened by figure 4.11 which shows a histogram of the bidding results in
the operational market. The horizontal axis shows the respective bidding results ine/MW while the vertical axis
indicates the occurrence of the price on a logarithmic scale. Bidding prices higher than approximately 3,000e/MW
are never reached apart from December 2nd, 2020, when the PriceOp for aFRR(+) climbed up to 17,021.49e/MW.
Assuming maximal bidding prices (the maximal PriceOp depends on the regulation in force, which constrained it
either to 9,999e/MW or to 99,999e/MW), it is very unlikely that the El is chosen to deliver aFRR.
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4.3.3 System average emission factor
The system average emission factor or the FCO2 of the power mix is an indicator of which power generation units
are operating. A high CO2 emission factor indicates a high share of coal (lignite or hard coal), oil and gas power
plants whereas a lower CO2 value indicates a high share of renewable generation [48], [92], [99], [113].

Table 4.8: Tabular overview of the number of NaN values within the FCO2 related time–
series.

Res. 2019 2020 2021 2022∗

Total rows 8760 8784 8760 8015
NaN in FCO2 60 min 0 (0.0 %) 0 (0.0 %) 0 (0.0 %) 0 (0.0 %)
∗Covering TS between January 1st, 2022 and November 30th, 2022.

The CO2 data properties are analyzed in table 4.8. There are no NaN values present in the data set provided
by the “Forschungsstelle für Energiewirtschaft München e. V.” (FfE München) [47]. The carbon footprint of the
electricity mix is displayed in figure 4.12 whereby the data are taken from a publication by FfE München which
is based on data of the European Network of Transmission System Operators for Electricity (Entso–E) [37], [47].
Wörner et al. (2019) published their methodology to determine the FCO2 in an article [147].

Figure 4.12: The carbon footprint of the electricity mix is visualized as a box–plot. Based on data provided
by FfE München [47].

The figure 4.12 shows monthly boxplots of the time–series while the box indicates the interquartile range. The
end of the whiskers indicates the maximal and the minimal values. Basically, a seasonal effect can be observed. The
summer months have a lower specific CO2 factor compared to the winter months. It is noticeable that the spread
of each month extends roughly from 200 to 600 tCO2/MW h. Thus, it seems that nearly all possible constitutions
of power–generating units are present every month. The average footprint in 2022 was about 517 tCO2/MW h,
which is an increase compared to the previous years 2019 (470 tCO2/MW h), 2020 (427 tCO2/MW h) and 2021
(481 tCO2/MW h) which can be compared to publications by the Federal Environment Agency [136].

4.3.4 Correlation
The presented data is analyzed for correlation within this section. First, a possible correlation of the electricity
prices with the specific CO2 emissions is analyzed. Second, a possible correlation between the electricity prices
and the auction results for FCR and aFRR are is examined.

FCO2 and electricity prices According to Nicolosi et al. (2009), Makalska et al. (2018) and Ryota Keeley
et al. (2020), there is a correlation between the share of renewable energy in the electricity mix and the spot
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market price [48], [92], [99], [113]. This aspect is of high interest, especially when applying multi-objectives to the
optimization tool. Figure 4.13 shows a scatter plot where specific CO2 values of “15 min” slices, are plotted next
to the corresponding spot market prices. Note that the DA dataset is resampled so that the NaN values are filled
with the previous value which is placed on the last sharp hour representing the whole hour.

Figure 4.13: Correlation between the carbon footprint of the electricity mix and the spot market price
based on data from FfE München and EPEX [38], [47]. Note the different x–axes scales.

The plots in figure 4.13 show a correlation for the spot market prices, as pointed out in the literature mentioned
in the preceding paragraph. Low specific emission factors of the electricity grid correlate with low spot market
prices. This relationship counts for both observed markets whereas the effect is more pronounced in the DA
market as the scattering bandwidth is smaller. Considering the year 2022, there are fewer data points, as only
the 11 months of the year are visualized. Therefore, fewer points are drawn in the plot. It is to point out, that
the figures for 2019 and 2020 differ in contrast to the years 2021 and 2022. In the last two years, there are much
higher prices on the spot markets corresponding with specific CO2 factor above 0.5 tCO2 /MWh.

Zakeri et al. (2022) analyze the spot market by determining the responsible price–setting power generation
unit (marginal pricing) considering data between 2015 and 2019 [149]. They conclude that roughly two third of
the spot market clearing prices are set by fossil–fueled power generating units. Assuming that this fact is still
applicable today, the distribution in the years 2021 and 2022 could be explained. For a CO2 factor of 0.5 in 2022,
the spot prices scatter between ca. 50 and more than 400e/MWh, whereas the same CO2 factor in 2020 shows
a scatter between ca. 10 and 90e/MWh. High gas prices, as reported by the European Commission in their
quarterly energy market report, might cause the high marginal prices at the spot market [43].

The correlation of the spot market prices and the CO2 factor is in favor of the combined objective optimization
applied to the PtH2 unit within this thesis. Instead of the optimization with a single objective addressing the
LCoE, the combined optimization considers both the CO2 factor and the LCoE. Whereas the LCoE optimization
of the PtH2 unit based on the DA and ID prices might already have an impact on the CO2 factor of the consumed
power mix, as there is a correlation between the two input time–series.

Auxiliary service prices and electricity prices As there is a correlation between the CO2 and the spot
market prices, a similar correlation is analyzed for the AuxS. According to Consentec GmbH, auxiliary services
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providing FCR and aFRR (+) have a correlation with the prices as the bidders of AuxS have to procure energy on
the spot markets in the first place [20]. aFRR (-) is not mentioned here in particular, as the PtH2 unit would run
at throttled speed to increase its power consumption when ordered. Therefore, it does not procure its (balancing-)
energy on the spot markets beforehand.

Figure C.2 in the appendix on page XXXV aims to show correlations by plotting the auxiliary service auction
results next to the prices of the spot market. The upper three plots show the DA market results, while the lower
plots show the ID results. Most of the data points accumulate at low auxiliary prices but scatter without any
correlation. High auxiliary service prices do not appear together with high spot market prices.

4.4 Grid serving electrolyzers
The criteria for designing a grid serving operating strategy for El are not well defined in the literature [51].
Therefore, a distinct definition is derived subsequently for this thesis. Note the differences between the terms grid
serving and system serving. FfE München publishes an overview of these terms in 2021. They consider system
serving operations to include measures to stabilize the electricity grid for example by providing AuxS to maintain
grid–frequency. The same publication considers grid services to contribute to equalizing the grid load. Further,
the FfE München notes that the grid serving aspect negates power grid expansions caused by the additionally
installed load [51].

Literature distinguishes between geographical and temporal criteria for a grid serving operation [36], [51], [107],
[114], [118]. The Reiner–Lemoine–Institut (RLI) (2022) and the “Sachverständigenrat für Umweltfragen” (SRU)
(2019) underline the geographic proximity of electricity generation and consumption, especially in the context of
grid congestion that could be mitigated [107], [114]. As the location of the electrolyzer is predefined within the case
study, this aspect is not implemented within the optimization tool. However, the temporal aspect is considered in
the design of this thesis. In order to take the temporal aspect into account, there are two options. On the one hand,
a publication by Energy Brainpool on behalf of the Green Planet Energy eG in 2019 presents a “trigger price”–
based dispatch strategy for electrolysis–based PtH2 units [36]. This consideration has similarities to Schalling et
al. (2022) who assessed the grid serving potential of El. They conclude, that a grid serving operating strategy is
given when El functions as a flexible consumer of renewable electricity [107]. A similar recommendation is drawn
by the SRU (2021) based on Drunert et al. (2019) [33], [114]. The FCO2 of the electricity mix can be considered
on the other hand due to its correlation with the electricity price as shown in section 4.3.4 and recommended by
the RLI [107].

Based on the mentioned literature, this thesis considers an operating strategy optimized with respect to
electricity prices as grid serving. The price–based optimization is then extended to include the FCO2 of the
electricity mix. Whereas the marginal emission factor recommended by Seckinger (2021), which considers the
consequences of an increase in load on the FCO2, is not considered in this thesis [118]. In addition, this thesis
implements system serving aspects by including the participation at the AuxS markets. This definition lacks
the consideration of local circumstances because of identical EPEX prices within the price zone (Germany and
Luxemburg). A more focused definition could be worked out and implemented in subsequent work.

4.5 Software
The optimization tool is a software–based application developed to provide insights concerning the research ques-
tion derived in section 3.1. The tool itself is written in the language “Python”, published by van Rossum et al.
(2010) [139]. Thereby, the application programming interfaces “Spyder” and “Jupyter Notebooks” are used [9],
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[127].
The optimization tool is based primarily on the Python Open–source Modelling and Optimization (PYOMO)

library published by Bynum et al. (2011), and Hart et al. (2021) [18], [66]. It is used to design the computational
representations of the PtH2 unit. The PYOMO library provides the “concrete model” class which can be used
to define variables and constraints. Further, this class can be used to define an objective function representing
the target of the optimization issue. By the help of the PYOMO library the constructed “concrete model” is
transferred to the solver application “Gurobi” published by the Gurobi Optimization, L. L.C. [60]. The “Gurobi”
solver (version number 9.5.2) is used within the framework of an academic license.

Additionally to that, the library “Pandas” published by the “pandas development team” and the library
“Numpy” published by Harris et al. (2020) are applied [65], [130]. “Pandas” is used for data and table management
and “Numpy” for numerical computations. Visualizations are done with the help of the Python library “Matplotlib”
by Thomas A. Caswell et al. (2022) [131]. Some visualizations are based on the python library “Seaborn” by
Waskom et al. (2021) [144].
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Chapter 5

Design of the Optimization Tool

This chapter addresses the design of the optimization tool and its integrated optimization model of the Power–
to–Hydrogen (PtH2) unit. The thesis implements a deterministic optimization model–based on a mathematical
representation of the technical system. This approach, often called “linear programming”, is used by Röben et al.
(2021) and Sens et al. (2021) among others to solve similar optimization problems [111], [122], [135], [140]. The
optimization tool is fed with techno–economic parameters discussed in the section before. This chapter includes
a structural overview of the optimization tool which draws the input parameters, constructs the model, sends it
to the solver and extracts the solved data. Furthermore, this chapter includes the construction procedure of the
optimization model. Thereby, each step required to implement the PtH2 elements is discussed individually by
defining the variables and constraints applied to represent its technical and economic properties. Subsequently,
the design of the objective functions, addressing economic and environmental parameters, is explained.

5.1 Structure of the optimization tool
The structure of the optimization tool is visualized in figure 5.1 in a schematic flow diagram. Basically, the opti-
mization tool involves several procedures to draw data, and to construct and to solve an optimization model. Fur-
ther, it processes the obtained results. With the start of the optimization tool, the script PY_Optimization_Tool
_main is called to construct an optimization model instance. The script draws input data including static PtH2

properties such as the specific Electrolyzer (El) and Battery (Ba) parameters for example. Additionally to that,
time–series data concerning the energy markets, the CO2–Footprint (FCO2) of the electricity mix and the Hy-
drogen (H2) demand specified in the case study are imported. These data sets are discussed within chapter 4
beforehand. Further, the construction procedure takes modeling and scenario properties into account such as the
discretization intervals or information concerning the offer of Auxiliary Service (AuxS) in the current scenario.

Based on these input data sets, the script defines each PtH2 element with functions gathered in the script
PY_Optimization_Tool_Functions. These definitions yield variables and constraints implemented in the Python
Open–source Modelling and Optimization (PYOMO) “ConcreteModel” class. The properties of each PtH2 element
are summarized in a Python dictionary which is used to store all relevant parameters.

Based on the variables implemented for the PtH2 elements, the objective functions are defined and implemented
in the respective PYOMO subclass. As soon as the implementation procedure is finished, the “ConcreteModel” is
sent as a matrix to the Gurobi solver application. The solver applies numerical algorithms to retrieve an optimal
configuration of the input variables with respect to the implemented objective function [60]. The data of the solved
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Figure 5.1: Schematic block diagram visualizing the structure of the opti-
mization tool with the main script in the middle which draws input data,
and additional functions to solve, process and plot the results from further
scripts.

model are then extracted and evaluated from a technical, economic and environmental perspective with the help of
functions in the script PY_Optimization_Tool_Extraction_Test. The retrieved data set is saved and visualized by
the PY_Optimization_Plot_Timeseries. To apply the tool for sensitivity studies or scenario analyses, a higher–
level routine must be designed specifically for the issue of interest. Typically, such a higher–level routine would
include several independent calls of the optimization tool each based on adjusted input data.

5.2 Optimization model construction
The construction of the optimization model is elaborated in this section, based on the structure discussed before
in figure 5.1. As explained above, the model construction includes the data sets discussed in chapter 4 which
discusses the techno–economic parameters.

The model construction procedure is described in the following subsections. The model is created by imple-
menting the “ConcreteModel” class in the first place. Based on this PYOMO class, each PtH2 element is defined
based on a number of variables and constraints. Within the optimization tool, all variables are defined with their
unit stated at the end of the variable name by underscores. As many indexed variables are based on an adjustable
time Interval (tint), the chosen discretization period in minutes is indicated with the abbreviation tint.

Variables in PYOMO can be distinguished into indexed and non–indexed. Indexed variables have an individual
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value for each simulated point in time, non–indexed variables are constant throughout the simulation. All indexed
variables of the PYOMO “ConcreteModel” class are based on the “RangeSet” subclass, which provides a common
index. It is defined by the Time–Stamp (TS) of the H2 time–series data set which does not include production
downtimes as discussed in section 4.1.

Within the model creation, a factor is defined which allows the transformation of continuous variables such as
MW or kg/h to time–based variables such as MWh/tint or kg/tint by considering the amount of tint per hour.
The factor Hours per Interval (Ch/int) is shown in the equation 5.1. Note that the term minint represents the
length of each interval in minutes which is defined within the model properties input–data.

MW · minint · h

int · 60 min
= MW · Ch/int = MW h

int
; kg

h
· minint · h

int · 60 min
= kg

h
· Ch/int = kg

int
(5.1)

As each PtH2 element accesses previously defined variables, thus the order of the implementation is of relevance.
The “ConcreteModel” with its implemented Index (IDX) and Ch/int variables is used to construct each PtH2

element. Constraints are implemented by adding them to a variable–specific list within the PYOMO subclass
“ConstraintList”. Constraints of indexed variables can be defined for every index individually. The design of
the variables and constraints representing the PtH2 unit are discussed in the next sections starting with the grid
connection.

5.2.1 Grid
The PtH2 element Grid (Gr) is defined by an individual function drawn from the function file shown in figure 5.1 in
the section 5.1 before. Its definition includes several variables and constraints which are elaborated subsequently.
Table 5.1 gives an overview of the implemented variables, whether they are indexed, which unit they have and
of which numerical domain they consist. The variables placed on the arrows in figure 5.2 define the in– and
out–flowing electric energy.

Within the modeling properties, the energy flows providing AuxS can either be selected individually or ne-
glected. As soon as Frequency Containment Reserve (FCR) or Automatic Frequency Restoration Reserve (aFRR)
are not considered, the value of their respective variable is set to zero for all indices.

The non–indexed variable Gr_Capacity_MW defined as a Non–Negative–Reals (NNR) variable, represents the
maximal capacity of the grid connection. Therefore, it is a constant value valid for all points in time. The variable
Gr_Capacity_MW is later applied in the economic objective function to calculate the total investment costs and
the corresponding maintenance expenses discussed in section 4.2 and summarized in table 4.5. The second internal
variable, displayed in figure 5.2, Gr_out(i) is used as a helper variable within the function Gr itself. It combines
the distinct out–flowing variables such as the power flowing to the Ba and to the Compressor (Co), both are
implemented as indexed variables based on NNR. The direct power supply to the electrolyzer is designed in a
different manner. It consists of a NNR variable Gr_to_El_Base and three constrained variables representing
the power input implemented to perform AuxS by the El. These energy flows involved in AuxS are implemented
as continuous NNR for simplicity reasons. This thesis assumes that the AuxS are managed by AuxS–pooling
providers, as the direct participation is restricted to the bidding quantities of 1 MW as explained in section 2.1.3.

Equation 5.2 to 5.4 constraints the out–flowing energy for AuxS by adding each equation to the variable
Gr_ConsList. The constraints are applied for all TS relevant in the case study (IDX) as explained beforehand.
According to the considerations in section 2.1.3, the provision of AuxS is split up into six separate periods each day
consisting of four hours. Within an AuxS period, the value of the provided AuxS has to be constant. This behavior
is implemented within the Gr construction by considering adjustable discretization intervals. For simplicity reasons,
this work considers only the current regulative circumstances although the bidding process changed in the past.

The helper variables s, t, and k in equation 5.2 to 5.4 are used to represent the regulatory nature of the AuxS.
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Table 5.1: Modelling properties of the variables de-
fined within the Gr unit.

Variable Ind. Unit Domain
Gr_Capacity / MWh NNR
Gr_out i MWh/tint NNR
Gr_to_Ba i MWh/tint NNR
Gr_to_Co i MWh/tint NNR
Gr_to_El_Base i MW NNR
Gr_to_El_FCR i MW NNI
Gr_to_El_aFRRn i MW NNI
Gr_to_El_aFRRp i MW NNI

Figure 5.2: Graphical representation of the Gr unit
and its variables.

The range {k · 4/Ch/int|k ∈ IDX} creates a set of integers representing each starting TS of an AuxS period by
looping through all IDX with the specific increment 4/Ch/int. The increment 4/Ch/int equals the number of TS
within a four–hours AuxS interval. The points in time within the four–hours bidding period, represented by the
helper variable t, are constrained to be equal to the first value of the AuxS interval (s). The range applied for
these constraints during each AuxS period is represented by {1, ..., 4/Ch/int} which considers all indices within a
four–hour Auxiliary Service Interval (AuxSint).

Gr_to_El_FCR_MWh_tint(s) =Gr_to_El_FCR_MWh_tint(s + t) (5.2)

Gr_to_El_aFRRp_MWh_tint(s) =Gr_to_El_aFRRn_MWh_tint(s + t) (5.3)

Gr_to_El_aFRRn_MWh_tint(s) =Gr_to_El_aFRRn_MWh_tint(s + t) (5.4)

s ∀
{

k · 4
Ch/int

|k ∈ IDX
}

; t ∀
{

1, ...,
4

Ch/int

}
The internal variable Gr_out_MWh_tint(i) is defined to be the sum of out–flowing energy streams shown

in equation 5.5. The variable is used to determine the Operating Expenditures (OpEx) within the economic
and the FCO2 within the environmental objective function. In contrast to the non–AuxS containing variables,
the AuxS variables contribute to the Gr_out_MWh_tint(i) according to their regulative nature. The energy
stream implemented for aFRR(-) services is not considered to deliver energy since it must reserve capacity to
increase consumption. The implementation of the AuxS variables is explained in section 5.2.3, which addresses
the construction of the El element, in greater detail.

Gr_out_MW h_tint(i) = 1 · Gr_to_Ba_MW h_tint(i) (5.5)

+ 1 · Gr_to_Co_MW h_tint(i)

+ 1 · Gr_to_El_Base_MW (i) · Ch/int

+ 1 · Gr_to_El_FCR_MW (i) · Ch/int

+ 0 · Gr_to_El_aFRRn_MW (i) · Ch/int

+ 1 · Gr_to_El_aFRRp_MW (i) · Ch/int

i ∀ IDX

The component size Gr_Capacity_MW has to be always larger than the individual out–flowing power streams,
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as shown in equation 5.6. It defines the maximum capacity to be larger or equal to the individual indexed out–
flowing variables. The electricity flow implemented for FCR services is considered with the factor 2 to reflect its
symmetrical behavior.

Gr_Capacity_MW · Ch/int ≥ 1 · Gr_to_Ba_MWh_tint(i) (5.6)

+ 1 · Gr_to_Co_MWh_tint(i)

+ 1 · Gr_to_El_Base_MW(i) · Ch/int

+ 2 · Gr_to_El_FCR_MW(i) · Ch/int

+ 1 · Gr_to_El_aFRRn_MW(i) · Ch/int

+ 1 · Gr_to_El_aFRRp_MW(i) · Ch/int

i ∀ IDX

5.2.2 Battery
Within the function to construct the Ba, several variables and constraints are defined to reflect the technical
behavior of the PtH2 element. Thereby, the construction of the Ba specific constraints takes variables into account
which are already defined in the preceding Gr function. All variables are implemented as NNR. The unit of the
variables is based on MWh as it is summarized in table 5.2. Figure 5.3 shows the in– and out–flowing variables of
the Ba. Internally, the Ba is constructed as an energy integrator based on the common State–of–Charge (SOC)
approach recommended by Sioshansi et al. (2022) [124]. The SOC is a function of time and therefore indexed such
as the in– and out–flowing variables Ba_to_El and Ba_to_Co. In case the battery should not be considered as a
component for the PtH2 unit, it can be deselected by setting a parameter within the model properties input data
set. The implemented variables would then be fixed to zero.

Table 5.2: Modelling properties of the variables de-
fined during the construction of the Ba.

Variable Ind. Unit Domain
Ba_Capacity / MWh NNR
Ba_SOC i MWh/tint NNR
Ba_to_El i MWh/tint NNR
Ba_to_Co i MWh/tint NNR

Figure 5.3: Graphical representation of the Ba unit
and its variables.

The variable Ba_Capacity_MWh, measured in MWh, is not indexed, as it is the constant component size
valid for all points of time. Its value is considered in the economic objective function to compute the respective
Capital Expenditures (CapEx) and maintenance costs.

Ba_Capacity_MWh ≥Ba_SOC_MWh(i) (5.7)

Ba_to_El_MWh_tint(i) + Ba_to_Co_MWh_tint(i) ≤Ba_SOC_MWh(i) (5.8)

Ba_Capacity_MWh − Ba_SOC_MWh(i) · ηBa ≥Gr_to_Ba_MWh_tint(i) (5.9)

i ∀ IDX

Equation 5.7 to 5.9 define the component sizes of the Ba. These constraints are added to the PYOMO
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constraint list Ba_ConsList. First, the maximum capacity must always be larger than the indexed SOC. Second,
the out–flowing energy streams are constrained to be smaller or equal then the SOC at any given IDX. Third, the
in–flowing energy coming from the Gr has to be smaller or equal to the remaining capacity within the Ba for any
IDX.

Ba_SOC_MWh(i+1) = Ba_SOC_MWh(i) − Ba_out_MWh_tint(i) (5.10)

+ Gr_to_Ba_MWh_tint(i) · ηBa

i ∀ {1, ..., IDX[−2]}

Equation 5.10 defines the behavior of the SOC. Basically, the SOC is constructed to integrate the in– and out–
flowing energy streams. Therefore, the successive SOC(i+1) corresponds to the current SOC(i) and the current
in– and out–flowing energy flows. As discussed in section 4.2.3 the efficiency ηBa of the Ba is considered for the
charging process. The range expression in equation 5.10 does not cover the last simulated point of time.

As the initial SOC value of the Ba should not be set by the operators, but by the optimization algorithm, to
achieve optimal results the first and last SOC are constrained to be identical.

5.2.3 Electrolyzer
With the two energy sources Gr and Ba supplying the El with electrical energy already defined, the necessary
variables to construct the El are defined within this section and summarized in table 5.3 and in figure 5.4. The
component size of the El is represented by the non–indexed variable El_Capacity_MW which is later used in
the economic objective function. All variables defined within the El construction emerge from the domain NNR.
Within the El, the unit changes from MWh to kg, as electrical energy is converted to a mass flow of H2 in an
electrolytic process discussed in section 2.2.2.

Table 5.3: Modelling properties of the variables de-
fined during the construction of the El.

Variable Ind. Unit Domain
El_Capacity_MW / MW NNR
El_in_Pr._MWh_tint i MWh/tint NNR
El_to_Co i kg/tint NNR
El_to_Pr i kg/tint NNR Figure 5.4: Graphical representation of the El unit

and its variables.

Similar to the implementation function of the Gr, the capacity of the El_Capacity_MW is constrained to be
always larger than its indexed energy flows. This constraint is shown in equation 5.11 which takes the in–flowing
energy from the Ba and the “Base” flow originating at the Gr into account. In–flowing energy streams incorporating
AuxS are factored in as well. In contrast to the aFRR, the symmetrical nature of the FCR is reflected with factor
two in the third line of equation 5.11. The respective constraints affecting the construction of the El are stored in
the PYOMO variable El_ConsList.
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El_Capacity_MW · Ch/int ≥ Ba_to_El_MWh_tint(i) (5.11)

+ 1 · El_to_El_Base_MW(i) · Ch/int

+ 2 · El_to_El_FCR_MW(i) · Ch/int

+ 1 · El_to_El_aFRRn_MW(i) · Ch/int

+ 1 · El_to_El_aFRRp_MW(i) · Ch/int

i ∀ IDX

The consequences of equation 5.11 for each Gr_to_El variable are visualized in figure 5.5. The figure aims to
show the maximum capacity constraint and the amount of electrical energy consumed in the H2 production for
different operational modes. The straight black line indicates the maximum capacity while the straight red line
indicates the constraint to determine the maximum capacity. The amount of energy consumed to produce H2 is
indicated with the dashed green line.

The first sub–figure on the left shows the dispatch of an El without any AuxS offered at the time of observation.
The constraint and the El_in_Production(i) are similar as only El_to_El_Base(i) is consumed. The second figure
on the left takes the same basic case into account while adding the FCR ±1 MW service for one AuxSint. The
constraint to determine the maximum capacity considers the “Base” energy flow and the symmetric FCR capacity
service. In contrast to that, the El_in_Production(i) variable defining the H2 output assumes that the symmetric
nature of the FCR service equals out statistically as the real consumption oscillates within the symmetrical range
of the offered FCR.

In the case of positive and negative aFRR services, the capacity constraint and the consumption determining
the H2 are implemented according to the two sub–figures in the right of figure 5.5. The offered aFRR shown in
the figure is about 1 MW. As described in section 2.1.3, negative aFRR is defined to reduce the amount of power
generated in the electric grid from a grid–based viewing angle. This implies that the El has to be able to increase
its consumption when necessary. As the third sub–figure 5.5 shows, the capacity constraint (straight red line)
takes the full aFRR service into account, while the production curve El_in_Production(i) (dashed green line)
does not include the negative aFRR. The opposite is the case for the positive aFRR which is defined to increase
the available power in the electric grid, thus decreasing the production rate of the El.

Figure 5.5: Visualization of the AuxS implementation by a maximal capacity and the
(El_in_Production_MWh_tint(i)) variable for the “Base”, “FCR” and “aFRR” cases.
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This thesis considers the El taking part at the capacity auctions for FCR and aFRR services as a price taker,
thus it is assumed that its participation in the bidding process would not have influenced the outcoming prices.
Based on the assumption that the El participates with a “high prices” strategy on the aFRR operational auction,
it is assumed that the El is never chosen to deliver its capacities (capacity–only). This assumption is supported
by the fact that higher prices than 5,000 e/MW have not been discovered (although there is one exception for
aFRR(+) operational prices on December 2nd, 2020 with prices up to 17,021.9 e/MW) within the analysis of
the aFRR operational price times series in section 4.3.2. The maximal price was between 9,999.99 and 99,999.99
e/MW depending on the regulation which is significantly higher compared to typical auctioned prices [1], [14],
[50].

The variable El_in_Production_MWh_tint(i) is considered to be internal, as it is defined to determine the
amount of in-flowing electrical energy available to be converted to H2. The variable is later applied to calculate
the amount of produced H2 based on the efficiency (ηEl) and the respective specific H2 production (Pkg(H2)/MW ).
Equation 5.12 sums up in–flowing energy streams while taking the nature of the different AuxS properties into
account.

El_in_P roduction_MW h_tint(i) = 1 · Gr_to_Ba_MW h_tint(i) (5.12)

+ 1 · El_to_Co_MW h_tint(i)

+ 1 · El_to_El_Base_MW (i) · Ch/int

+ 1 · El_to_El_FCR_MW (i) · Ch/int

+ 0 · El_to_El_aFRRn_MW (i) · Ch/int

+ 1 · El_to_El_aFRRp_MW (i) · Ch/int

i ∀ IDX

Based on El_in_Production_MWh_tint(i), the amount of H2 is computed in equation 5.14. The electrolyzer
production capacity Pkg(H2)/MW in kg/(MWh/h) is based on the efficiency (ηEl) and the Lower Heating Value
(LHV) according to equation 5.13.

PkgH2/MW = ηEl

LHV
(5.13)

PkgH2/MW h · El_in_Production_MWh_tint(i) = El_to_St_kg_tint(i) (5.14)

+ El_to_Co_kg_tint(i)

i ∀ IDX

To reflect the dynamics of the El, additional constraints are implemented. First, the El minimal load
(Elmin) of the electrolyzer is implemented as a constraint for El_in_Production_MWh_tint(i) by equation 5.15.
It is assumed, that the El starts at a dynamic load which is determined within the simulation. Therefore
El_in_Production_MWh_tint(1) is not fixed to an distinct value.

El_in_Production_MWh_tint(i) ≥El_Capacity_MW · Elmin · Ch/int (5.15)

i ∀ IDX

Second, the El load gradient (ElGrad) of the electrolyzer is implemented within the optimization model as soon
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as the load gradients are relevant for the discretization intervals. The relevance is determined by an “if statement”.
As soon as the product of the ElGrad based on minutes and the interval length (tint) is larger than one, the ElGrad

becomes obsolete.

if Ellaod · tint ≤ 1 :

El_in_Production_MWh_tint(i+1) ≤ (1 + Elload · tint) · El_in_Production_MWh_tint(i) (5.16)

El_in_Production_MWh_tint(i+1) ≥ (1 − Ellaod · tint) · El_in_Production_MWh_tint(i) (5.17)

i ∀ IDX[1:−2]

Equation 5.16 and 5.17 are valid for all indices but not the last one, indicated by the index [1;-2 as the term
(i+1) would set a constraint outside the range of the IDX variable.

The produced H2 in the El can then either be fed in the process directly or can be stored in the pressurized
storage. To elevate the outlet pressure of the El, which depends on the type of electrolyzer as discussed in
section 4.2.4, a Co is implemented. The construction procedure of the Co and the Storage (St) is explained in the
upcoming paragraph.

5.2.4 Compressor
The Co unit compresses the H2 mass flow to be stored in the St. Thereby, a constant pressure ratio between the El
outlet and the St inlet is assumed. This simplification is made as the optimization tool does not calculate the real
St pressure in dependence on the actual SOC, thus the differential pressure incorporates the maximal St pressure.
The necessary variables to implement the St unit are summarized in table 5.4 and figure 5.6.

Table 5.4: Modelling properties of the variables de-
fined during the construction of the Co.

Variable Ind. Unit Domain
Co_Capacity / kg/tint NNR
Co_to_St i kg/tint NNR Figure 5.6: Graphical representation of the Co unit

and its variables.

The capacity variable Co_Capacity_kg_tint is constrained by equation 5.18 to be larger or equal to the
inflowing amount of H2 originating from the El.

Co_Capacity_kg_tint ≥ El_to_Co_kg _tint(i) (5.18)

i ∀ IDX

As leakages have to be incorporated for the compression process, equation 5.19 implements the leakage factor
CoLeakage. The leakage factor of the compressor units is discussed in section 4.2.5.

Co_to_St_kg_tint(i) = (1 − CoLeakage) · El_to_Co_kg _tint(i) (5.19)

i ∀ IDX

The energy consumed by the Co is defined by the equation 5.20. This definition is based on the Electric
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Power (EP) consumed by the CoEP which is calculated according to section 2.2.3 for each scenario individually.
In addition, the equation 2.2.3 includes the efficiency CoEP .

El_to_Co_kg_tint(i) · CoEP

Coη
= Gr_to_Co_MWh_tint(i) + Ba_to_Co_MWh _tint(i) (5.20)

i ∀ IDX

5.2.5 Storage
The St is constructed in a similar manner as the Ba explained in section 5.2.2 with a constant capacity variable
St_Capacity_kg, an indexed SOC variable St_SOC_kg and a set of constraints implemented in the St_ConsList.
A summary of the variables is given in table 5.5 and figure 5.7.

Table 5.5: Modelling properties of the variables de-
fined during the construction of the St.

Variable Ind. Unit Domain
St_Capacity / kg NNR
St_SOC i kg/tint NNR
St_to_Pr i kg/tint NNR Figure 5.7: Graphical representation of the St unit

and its variables.

Additionally to that, additional storage is considered to function as an emergency option Storage_Emergency
for potential failures of the PtH2 unit. The capacity is dimensioned to supply the average H2 demand for at least
8 hours. Equation 5.21 to 5.23 constraint the SOC for all IDX.

St_Capacity_kg ≥ St_SOC_kg(i) (5.21)

Co_to_St_kg_tint(i) ≤ St_Capacity_kg − St_SOC_kg(i) (5.22)

St_to_Pr_kg_tint(i) ≤ St_SOC_kg(i) (5.23)

i ∀ IDX

Equation 5.24 defines the integrating nature of the SOC for all IDX but not the last one as indicated by the series
of values until the next–to–last [-2] index.

St_SOC_kg(i+1) = St_SOC_kg(i) + Co_to_St_kg_tint(i) (5.24)

− St_to_Pr_kg_tint(i)

i ∀ {1, ..., IDX[−2]}

Similar to the Ba unit, this thesis allows the optimization tool to set the initial SOC of the storage to achieve
optimal results but constraints the last SOC to be equal to the first SOC.

5.2.6 Process
The Process (Pr) represents the balance boundary of the PtH2 unit displayed in figure 5.1. The H2 time–series to
be satisfied by the PtH2 unit is implemented within that PtH2 element. As table 5.6 and 5.8 indicate, there are
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no additional variables constructed to define the process apart from an additional Pr_ConsList which gathers the
implemented constraints.

Table 5.6: Modelling properties of the variables de-
fined in the Pr construction.

Variable Ind. Unit Domain
/ / / / Figure 5.8: Graphical representation of the Pr unit

and its variables.

The process is configured in the way, that the H2 demand has to be satisfied. This is done by applying
equations 5.25 for all IDX. The equation considers the mass flow of H2 from the St and from the El.

El_to_Pr_kg_tint(i) + St_to_Pr_kg_tint(i) = H2_Demand(i) (5.25)

i ∀ IDX

5.3 Objective
To determine the optimal component sizes of the elements discussed beforehand and an optimized dispatch of the
PtH2 unit, the nature of the optimum itself has to be defined by objective functions in the first place. These
functions are implemented during the model creation phase within the optimization tool. The solver treats the
numeric optimization model by solving the numeric equation of the model by minimizing the objective function.

This thesis considers two kinds of objectives that are defined within this chapter. On the one hand, an
economic objective is implemented which considers the Levelized Costs of H2 (LCoH2) as an economic measure.
On the other hand, this objective should be combined with an environmental objective, based on the FCO2 of the
produced H2 calculated with the FCO2 of the consumed electricity. The economic objective is going to be applied
directly, whereas the environmental objective is only considered in combination with the economic assessment.
The objective functions are explained subsequently followed by a description of the multi–objective approach.

5.3.1 Economic objective
Economic parameters can be used to determine the optimal dimensions of a PtH2 unit. As explained in sec-
tion 2.4.1, a typical economic evaluation considers the Levelized Costs of H2 (LCoH2) shown in equation 5.26.

Optimum(LCoH2) = min fLCoH2(CapExa, OpExa, ṁH2,a) (5.26)

fLCoH2() = CapExa + OpExa∑
ṁH2,a

Note that equation 5.26 does consider the annuity method which includes a potential Reinvestment (Invre) and
a potential Residual Investment (InvResidual) defined within section 2.4.1 depending on the project lifetime (20
years in this thesis). The terms in equation 5.26 are filled with several subordinated calculations addressed in the
following. First, the determination of CapEx is shown in equation 5.27. The investment costs are the summation
of the CapExUnit, specific which is a factor unique to every PtH2 element reflecting the CapEx costs. Additionally
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to that, the external emergency storage has to be considered. Each summative term in equation 5.26 is depreciated
according to the findings of section 4.2 to reflect the expenses for the year of observation. Further, these annual
expenses are multiplied with the factor Minutes per Year (MpY) to represent the CapEx for the observed period
of time.

CapExa

MpY =
∑

(InvUnit, sp. + InvUnit, re, sp. − ValueUnit, Residual, sp.) · CapacityUnit · Ar (5.27)

+ (InvSt, sp. + InvSt, re, sp. − ValueSt, Residual, sp.) · CapacitySt_Emergency · Ar

Unit ∀{Gr, Ba, El, Co, St}

with : MpY = minScenario

minAnnum

Furthermore, the OpEx are calculated by equation 5.28. The OpEx considers the annual maintenance expense
Maintenance (M) for each unit according to the literature study in section 4.2. These expenses are added to the
costs involved with procuring electric energy and subtracted by the revenues providing AuxS to the grid. Note
that the AuxS have to be affected with a factor reflecting the number of tint per AuxS period. In addition, the
prices for the Gurantees of Origin (GoO) are factored in. Depending on the settings, the aspect of Electricity–
Price–Compensation (EPC) can be considered.

OpEx = Labour · MpY (5.28)

+
∑ (

CapExa, Unit · Ma, Unit

)
+ ṁH2 · water + sewage

mH2
· Pricewater

+
∑

(Gr_out(i)) · GOO

+
∑

(Gr_out(i) · P rice_Electricity(i))

−
∑

(Gr_to_El_FCR(i) · P rice_F CR(i))

−
∑

(Gr_to_El_aFRR(-)(i) · P rice_aF RR(−)(i))

−
∑

(Gr_to_El_aFRR(+)(i) · P rice_aF RR(+)(i))

if EP C = T rue :

−
∑

(Gr_out(i)) · FEligable · FF allback · FIntensity · FCO2 · EUAannual

− DeductibleMW h · MpY · FCO2 · EUAannual

Unit ∀{Gr, Ba, El, Co, St}; i ∀ IDX

In order to complete the definition of equation 5.26, computing the LCoH2, the sum of produced H2 has to be
calculated. This is done by summing up the two variables entering the Pr unit St_to_Pr(i) and El_to_Pr(i) as
shown in equation 5.29.

∑
mH2 =

∑
(St_to_Pr(i) + El_to_Pr(i)) (5.29)

i ∀ IDX
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The economic objective does not include any environmental considerations apart from a correlation of the
wholesale prices and the FCO2 of the electricity mix discussed in section 4.3.4. The environmental objective, which
is explained subsequently, emphasizes the FCO2 by including it directly in the optimization model.

5.3.2 Environmental objective
To assess the optimization problem economically, the CO2–Footprint of H2 (FCO2,H2) is used as a measure. The
cumulative Carbon Dioxide (CO2) exhaust of the consumed electricity mix is calculated according to equation 5.30
and minimized by the solving algorithm. The amount of H2 produced during the observed period is calculated
according to equation 5.29.

Optimum(FCO2) = min fCO2(Gr_out_MW h_tint, CO2_F actor(i), mH2) (5.30)

fCO2() =
∑ Gr_out_MWh_tint(i) · CO2_F actor(i)∑

ṁH2

i ∀ IDX

As shown in equation 5.30, the environmental assessment only considers operational aspects. This fact leads
to unrestricted dimensions of the PtH2 elements as the sizing itself (constrained in the economic assessment by
the CapEx term in the determination of the LCoH2) is not considered in the environmental objective.

Therefore, the environmental assessment is always considered as a combination with the economic objective
within this thesis as environmental optima are required to be economically feasible to sustain. This multi–objective
approach is explained in the upcoming section.

5.3.3 Multi-objective optimization
Technical systems are often optimized in perspective of several different objectives. As addressed in section 2.3, this
thesis follows the weighted–sum approach to carry out the Multi–Objective Optimization (MOO) considerations.

A pure environmental objective does not consider any economic factors such as investments and therefore the
expected output is not considered to be feasible. Although the technical analysis in section 4.3.4 shows a relation
between the FCO2 of the electricity mix and wholesale prices, this relationship only encounters for the OpEx and
not for the total economic indicator LCoH2. Therefore, a combination of the two objectives is used by adding
them up to compute the MOO OptimumMOO.

OptimumMOO = fweighting,LCoH2 · Optimum(LCoH2)
LCoH2, Base

+ (1 − fweighting,LCoH2) · Optimum(FCO2)
FCO2, Base

(5.31)

Equation 5.31 weights the two objective factors LCoH2 for the economic objective and the FCO2 for the
economic objective with the weighting factor (fweighting). Each objective is referenced to a “Base” run which
normalizes both objectives into one. The “Base” run in this thesis is considered to be represented by an economic
objective.

The designed PtH2 is implemented in the next chapter. Further, the implementation is tested for specific test
cases, covering different aspects of the optimization tool. In the first place, a single–objective is applied to the test
data followed by a multi–objective test case.
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Implementation and Tests

The optimization model embedded in the tool is constructed according to the design, described in chapter 5, and
filled with techno–economic input data discussed in chapter 4. Within this chapter, the optimization tool is tested
with generic test data for validation. This test includes a 16 h period with a resolution period of 5 min.

First, the economic objective including the Levelized Costs of H2 (LCoH2) is analyzed by discussing the
respective results of the optimization tool for different test cases. Second, the Multi–Objective Optimization
(MOO) approach combining economic and environmental parameters with different Environmental weighting factor
(fF CO2) is discussed. To do so, the input parameters are described together with the individual dispatch and
component sizes of each Power–to–Hydrogen (PtH2) unit. Third, the sensitivity of model–specific parameters on
the objective values such as the resolution Interval (tint) is discussed.

6.1 Evaluation of the single objective (LCoH2)
To prove the optimization tool working, noncomplex generic time–dependent data are chosen. The aim is to
show that basic functions such as the import, the model construction, and the solving procedure are working.
Within this section, the economic objective is discussed which addresses the LCoH2 with a Economic weighting
factor (fLCoH2) of 1.0. Thereby, the correct operation of the optimization tool and its embedded PtH2 model is
demonstrated. This demonstration includes the presentation of the input data and a discussion of the dispatch of
each PtH2 element. Further, the resulting component sizes will be shown in addition to the values of the objective
functions.

The model parameters such as the electrolyzer efficiency and the individual investment costs are taken from
the analysis carried out in section 4.2. The electrolyzer type is assumed to be a Proton Exchange Membrane
Electrolyzer (PEMEL) for the following test cases. As the optimization tool bases its results on numerical opti-
mization, the interpretation of the results can be complex. Nevertheless, this section tries to explain the findings
of the optimization tool since the tests are run with generic input data.

6.1.1 Input
The time–series input for the validation of the economic objective is shown in figure 6.1. In addition, relevant
input data are shown in each subsequent figure addressing the PtH2 units within the first row of plots to provide a
common reference point. The test cases (A), (B) and (C) represent input data sets with increased complexity. The
input for case (A) consists of constant values for the Day–Ahead (DA) market price, the Carbon Dioxide (CO2)
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factor of the electricity mix and the Frequency Containment Reserve (FCR) price. Test case (B) goes a step
further and includes a DA price peak between 3 and 6 hours. The third test case (C) combines that peak with a
system serving operation by providing optional FCR. The assumed time–series for the FCR market prices increase
between 9 and 12.5 hours The Hydrogen (H2) demand is designed to reflect a batch–wise consumption similar to
the consumption in the case study analyzed in section 4.1.

Figure 6.1: Graphical definition of the input data including the electricity prices, the FCR prices and the
H2 demand of three economic objectives (LCoH2) test cases.

6.1.2 Grid and battery
Figure 6.2 plots the DA and the FCR prices as a reference next to the dispatch of the PtH2 units Grid (Gr) on
the second row. The Battery (Ba) dispatch is plotted on the third and the fourth row including the energy flows
and the State–of–Charge (SOC) of the Ba.

Figure 6.2: Graphical evaluation of the results concerning the Gr and the Ba dispatch for three defined
test cases with an economic objective (LCoH2).

Focusing on the test case (A) in the first place, it is shown that the optimization tool considers a static
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consumption of electric energy. As there are no fluctuations in the input parameters apart from the Auxiliary
Service (AuxS) price which is not choosen for case (A), the lowest LCoH2 can be achieved with small components
and maximal utilization. To cope with such a non–flexible power procurement and a batch–wise H2 demand,
a means of storage is required to fulfill the batch–wise demand. In this case, the optimization tool does not
consider the implementation of a battery. Instead, a H2 pressurized tank with a compressor is chosen which will
be presented later on. In case (B), the optimization tool computes that the best objective is reached when the high
price phase during 3 and 6 hours is skipped, indicated by the deceased variable Gr_out. In total, the maximum
capacity of the grid connection Gr_Capacity is increased as the energy required to be converted to H2 remains the
same. Note that the out–flowing variable Ba_to_El in figure 6.2 is plotted with a negative prefactor to indicate
its out–flowing behavior.

Similar to case (B), the occupation of the Gr_out in case (C) reflects the input parameters. There is a decrease
in the power consumption during a high price phase of FCR which will be explained in the next section. Again,
the increased maximum capacity of the Gr connection can be explained by the second phase of reduced power
consumption. Again, the solving algorithm does not consider the Ba to decrease the LCoH2.

6.1.3 Electrolyzer and compressor
Analyzing the dispatch of the electrolyzer and the compressor, presented in figure 6.3, provides additional infor-
mation on the dynamics of the PtH2 unit. For reference, the prices on the DA and FCR markets are displayed
in the first row of the figure. Further, rows two and three show the in–flowing energy to the electrolyzer and the
mass flow of H2. The last row shows the in–flowing electric energy to the Compressor (Co).

Figure 6.3: Graphical evaluation of the results concerning the El and the Co dispatch for three defined
test cases with an economic objective (LCoH2).

Similar to the Gr connection, the electrolyzer experiences a constant in–flow of power which is converted to
H2 for case (A). The resulting mass flow is either directed to the Co and consequentially to the H2 storage or
to the Process (Pr) itself. This circumstance can be explained by the alternating H2 demand. The compressor
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is supplied with electric energy by the Gr, as the Ba is not considered by the solving algorithm. The Co power
dispatch corresponds to the mass flow originating at the Electrolyzer (El).

Case (B) involves an increased DA market price which leads the El to throttle down during hour three and
hour six. This leads to an increased component size as already mentioned in the section above. During that H2

production gap, the compressor throttles down as well. Test case (C) alters the FCR price between 9 and 12.5
hours which causes the El to provide FCR capacity. This participation at the FCR capacity is indicated with an
increase of the variable Gr_to_El_FCR. The increase starts after eight hours and lasts for exactly four hours
which fits the FCR regulations explained in section 2.1.1 and added to the model constraints in section 5.2.1.

Within test case (C), the operation of the Gr and El capacity constraint due to the particpation at the AuxS
markets can be observed. It constrains the sum of the variables Gr_to_El_Base and Gr_to_El_FCR to be always
smaller than the maximum capacity of the electrolyzer. Thereby, the constraint takes the symmetrical nature of
the FCR capacity regulation into account by considering it twice. Consequently, the El does not consume the
maximum amount of energy during the FCR phase but sets a consumption value that allows spontaneous ups
and downs according to the frequency–containment efforts. The extent of these ups and downs is defined by the
symmetrical Gr_to_El_FCR variable. As explained beforehand in section 5.2.1, it is assumed that the electrolyzer
sets its electrical consumption dedicated to AuxS according to the grid frequency so that real consumption can
be represented by the Gr_to_El_FCR variable itself by statistical means. As the consumption of electric energy
is decreased during the FCR period, less H2 is flowing to the compressor and thus the Co draws less energy from
the Gr.

6.1.4 Storage and process
The analysis of the dispatch time–series closes with the consideration of the storage and the H2 consuming Pr
shown in figure 6.4. The first row indicates the input data for each test. The second row of graphs in the figure
shows the in and out–flowing mass flow of H2 to and from the Storage (St). These flows determine the SOC of
the storage unit in the third row of figure 6.4. The fourth row shows the in–flowing amount of H2 to the Pr unit.
Within the PtH2 system, the Pr represents the H2 consuming process which has to be satisfied with a certain
amount of H2 at specific points in time.

Note that the variable St_to_Pr is added to figure 6.4 with a negative prefactor as it represents the discharging
flow in the perspective of the St. As the storage is charged during H2 demand gaps (shown in the fourth row of the
figure), and discharged during H2 demand, the SOC oscillates between a high and a low state. The initial filling
level of the St is computed within the optimization tool. In order to realize this, the initial SOC is constrained to
be equal to the last SOC of the St as explained in section 5.2.5. This constraint is fulfilled for the SOC after the
displayed last Time–Stamp (TS), as there is still H2 flowing to the TS at the last TS. As there is no production
of H2 during the high DA price phase in case (B), the storage can not be charged between hour three and hour 6,
whereas the demand is satisfied complety by the St. The optimization tool determines a smaller St capacity for
test case (C) compared to case (B). In detail, there are two maxima in the SOC curve of (B) and (C) right before
the first batch of H2 is required and right before the last batch. As the amount of H2 flowing from the El to the
Pr (indicated in the second and the fourth row in figure 6.4) is larger in (C) during the last H2 batch, the storage
can be smaller in size. The storage capacity of (A) remains the smallest since no gaps in the El operation must
be compensated and the SOC timeline is periodical. The SOC in case (A) is rising slightly over time so that the
inital and the last SOC match. The fourth row of plots in figure 6.4 shows the resulting amount of H2 flowing to
the Pr to satisfy the H2 demand. The total demand assumed for this test scenario is shown as well. For case (A),
there is always a small share of H2 originating directly from the El and a larger share coming from the St. The
ratio between El and St differe in the other two cases. The second peak of H2 demand in test cases (B) and (C)
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Figure 6.4: Graphical evaluation of the results concerning the St and the Pr dispatch for three defined
test cases with an economic objective (LCoH2).

is satisfied to its full extent by the storage as the electrolyzer throttles down. The third H2 demand peak in case
(C) comes in a large part from the St, due to the performed FCR measure at this point in time.

6.1.5 Objective values and component sizes
The dispatch time–series shown in the figures 6.2 to 6.4 beforehand can be summarized in a number of key values.
Figure 6.5 gives an overview of the resulting objective functions and the determined capacities of each PtH2 unit.
In addition, the Annual Full Load Hours (AFLH) are plotted in % for the El. Each value is shown for the test
cases (A), (B) and (C) respectively.

Figure 6.5: Summary of the objective values and the PtH2 component sizes computed by the optimization
tool for three defined test cases with an economic objective (LCoH2).

The values LCoH2 and CO2–Footprint (FCO2) addressed by the two objective values are plotted to the left
of figure 6.5. The factor FCO2, addressed by the environmental objective, is not considered in the implemented
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objectives for these test cases and its value is assumed to be constant. The resulting PtH2 unit dimensions sized
by the optimization tool are shown on the left. In the first place, figure 6.5 shows that the determined LCoH2

for test case (B) and (C) remains similar although the El size capacity changes. This can be explained by the
revenues made by participating at the FCR capacity. In the second place, the data show that the optimization
tool does not consider the battery to be implemented in all cases. Further, the PtH2 components Gr and El are
scaled accordingly as the El is the dominant consumer of electric energy and determines the necessary Gr size. At
the same time, the maximum power consumption of the El is slightly smaller than the Gr, as the Gr has to satisfy
the power demand of the Co as well. With lower El AFLH (ElAF LH), the capacity of the El increases as the same
amount of H2 has to be made available for the process. The amount of H2 flowing through the compressor changes
analog to the El dimensions. Further, the St dimensions are larger for the flexible test cases (B) and (C). Although
the ElAF LH is smaller in case (C), the St is determined to be smaller in case (C) compared to (B). This might be
explained by the fact, that the larger electrolyzer can satisfy the required H2 demand to a larger extent directly,
without relying on the storage. The considerations for the economic objective presented in the paragraphs are
worked out for the MOO approach as well in the subsequent passages.

6.2 Evaluation of the combined objective (LCoH2 and FCO2,H2)
The MOO approach incorporates the FCO2 objective next to the LCoH2 objective. This MOO analysis is validated
by a set of test cases demonstrated in this section. The validation of the MOO does not particularize the behavior
of the individual PtH2 units, as was done in the section before. It is assumed, that the optimization tool with a
combined–objective is operating identically to the single–objective. The resulting time–series for the El and the
St for the MOO validation are visualized in figure 6.6. For an overview of the MOO dispatches, reference is made
to the figures D.1 to D.5 in the appendix on page XXXVII and following.

Figure 6.6: The optimized dispatch of the El, the St SOC and the H2 demand visualized as timelines for
three defined test cases with a combined objective (LCoH2 and FCO2,H2).

The operating procedure is briefly discussed by means of figure 6.6 which includes dispatch of the El, the SOC

Page 67



Master Thesis Nicolas Neubauer

of the St and the Pr respectively the H2 demand. The first row shows the input time–series covering the DA
market and the assumed system average emission factor, respectively the FCO2. The corresponding El timeline is
given next to the SOC of the H2 pressurized storage in rows two and three. The fourth row of diagrams shows the
H2 flows to satisfy the assumed H2 demand for this validation.

The MOO approach is based on the fF CO2 and fLCoH2. To implement the weighting factors, the particular
objectives are referenced to the results of a single–objective analysis according to the weighted sum approach
explained in section 2.3 and implemented in section 5.3.3. The test cases (B) and (C) consider the environmental
objective FCO2 by different weighting factors. The weighting factor in case (B) is fLCoH2 = 0.6 and fLCoH2 = 0.3
in case (C). To implement the weighted sums, each objective is normalized to the pure LCoH2 driven reference
case (A) (fLCoH2 = 1.0). The effects of this multi–objective combining environmental and economic measures are
discussed subsequently.

In case (A), the price peak is excluded by the optimization tool as already discussed in figure 6.3. The
optimization tool decreases the El capacity for case (B) and throttles shortly during the price peak yielding
reduced electricity costs and a decreased FCO2 at the same time. This results in an increased AFLH. As test
case (C) weighs the environmental objective higher, the optimization tool does not exclude the DA price peak
anymore but excludes the FCO2 peak. Thus, the El capacity is larger for (C), resulting in smaller AFLH. The
St corresponds to that behavior. Whereas case (B) shows nearly periodical SOC due to the H2 demand, cases
(A) and (C) are balancing the decreased ElAF LH out and have larger St capacities. Further aspects such as the
corresponding dispatch of the Co and more are displayed within the appendix as mentioned above. The fourth
row in figure 6.6 shows the H2 demand and how it is satisfied. Test case (B), representing the largest El, supplies
more H2 directly compared to the two other test cases. This is only possible as the two excluded peaks do only
partly overlap with a H2 peak. In an optimization with many more TS, this influence is expected to decrease
statistically. Addressing the possible influence of model–related sensitivities lead to the relevance of the resolution
tint which is discussed subsequently.

6.3 Sensitivity of the resolution interval
This section is dedicated to analyzing the impact of the temporal discretization, respectively the resolution. The left
side of figure 6.7 plots the sensitivities of the discretization related to the objective values LCoH2 and FCO2 besides
the computing time on the secondary y–axis. The right side of figure 6.7 shows the resulting component sizes for
the different discretization tint. The graphic is based on a test data set discussed in the section beforehand. The
optimizations run for that sensitivity study are based on the economic objective function minimizing the LCoH2.
The symmetrical (±) StDrel is given in the legend.

In the first place, a decrease of the computing time for large discretization tint can be observed in figure 6.7.
Note that the test data set covers only 16 hours and the displayed absolute time is therefore not representative of a
whole year that is going to be simulated for the case study. The objective values LCoH2 and FCO2 are normalized
by dividing each element with the average of the respective set of results. Basically, a trend can be detected. A
smaller discretization period leads to smaller objective values since the simulation is based on more data points.
The increased number of points gives more flexibility for optimizing the dispatch of the components.

The normalized objective values scatter with a Relative Standard Deviation (StDrel) of roughly ±1 % in
reference to the average which seems to be a good approximation for all applied resolutions. Shifting to the right
side of figure 6.7, a different conclusion has to be made. The plot shows the resulting normalized dimensions for
each element of the PtH2 unit, calculated by the optimization tool. Note that the battery is not included in the
plot, as the optimization tool does not consider the implementation of a battery for this generic test scenario.
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Figure 6.7: Sensitivity of the temporal resolution related to the objective values LCoH2 and FCO2 on the
primary y–axis and the computing time on the secondary y–axis of the left plot. The right plot shows the
PtH2 component sizes. The symmetrical (±) StDrel is given in the legend.

While the component sizes for the El, the Gr and the Co scatter about roughly ±2 %, the St capacity behaves
differently and scatters with a StDrel of ±8.1 %. Taking the research question of this thesis into account, which
includes the determination of optimized component sizes, such high deviations decrease the certainty of the results.
As the resolution has a considerable effect on the St component size, it has to be discussed further. Figure 6.8
aims to give reasons for the high deviation by showing the dispatch computed by the tool for three PtH2 elements
and the input price (assumed to represent the DA) time–series.

Figure 6.8: Influence of the resolution tint on the optimized component sizes in respect to the dispatch of
the El, the St and the Pr units. ∗The H2 demand is represented as an energy stream in kWH2 based on
the LHV.

The figure only includes the time–series for the resolutions 5, 15, and 60 min for clarity. The 5 min resolution
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represent a considerably large amount of TS and the 15 and 60 min resolution represent the trading interval on
the spot markets. Additionally, the resolution corresponding to the highest outlier of the St capacity in figure 6.7
is plotted as a dashed line for comparison. The first graph in figure 6.8 shows the price time–series for the selected
resolutions. The lower plot in figure 6.8 defines the required amount of H2 represented by the Pr element. The DA
price series and the H2 demand function as the input to the optimization tool. For each performed optimization,
the optimization tool receives input data based on the resolution tint of one minute. Depending on the chosen
simulative resolution, the discretization time of the input data is adjusted. To do so, the Python library Pandas
which includes the “resample” function to upsample time–series data is used. In the case of time–based data (such
as kg/min), the average has to be multiplied with a factor to represent their cumulative value. Based on these
two input time–series, the dispatch of the PtH2 components is calculated. The figure aims to explain the different
component sizes for different resolutions and only shows the El_in_Production and the ST_SOC variables. The
outliers of the St capacity detected in figure 6.7 are represented by the most severe outlier in figure 6.8 by a dashed
line together with the corresponding SOC. The outliers can be explained by the relation between the resolution
and frequency of characteristic events within the input data. Figure 6.8 shows clearly the impact of the data value
position on the resulting values. First, it can happen that the position of the data points does not fit the position
of the event, and thus the actual circumstances are even out. Second, the data points of the dashed lines do not
represent the full extent of the original peaks, as their average considers an extended resoution tint.

As this consideration only includes 16 h and just four peaks of the H2 demand and only one rise in the DA
spot market prices, the datapoint position is likely to cause uncertainties. As the case study considers an entire
year, the impact of the resolution is assumed to be smaller. Nevertheless, the temporal resolution is supposed to
be analyzed for the case study and has to be chosen adequately to ensure that the obtained results are reasonable.
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Case Study: Results and Discussion

This chapter addresses the case study and applies the optimization tool to the questions laid out in chapter 3.
The leading question raised in the case study is to compute the optimal component sizes for a grid serving Power–
to–Hydrogen (PtH2) unit. To answer that, the optimization tool is applied to optimize the dispatch together with
the component sizes of the PtH2 unit for the case study scenarios.

These results are shown and discussed subsequently for optimal Levelized Costs of H2 (LCoH2) starting with an
analysis of the resolution sensitivity and the impact on the computing time. This section is followed by a sensitivity
study covering the techno–economic input parameters of the case study. After assessing the optimization tool and
the case study for its sensitivities, different scenarios are run with respect to the economic objective. This thesis
distinguishes the scenario analysis into two parts with the first part covering different energy markets without
participating in the Auxiliary Service (AuxS) markets. The second analysis compares the consequences of a
system serving behavior by participation in the AuxS markets with the previously discussed base scenarios. This
scenario–based assessment is complemented by the additional consideration of the environmental objective covering
the CO2–Footprint of H2 (FCO2,H2).

7.1 Resolution sensitivity
The optimization tool is based on several input variables which can be distinguished between model–specific or
PtH2 related parameters. This section addresses the sensitivity of model–specific parameters and aims to justify
the significance as the analysis in the preceding sections identified the influence of the resolution to be relevant.
Figure 7.1 addresses the sensitivity of the normalized objective values and the normalized component sizes with
respect to the resolution interval.

The figure is based on several optimization runs while each run is performed with a varied resolution Interval
(tint). It incorporates the standard Hydrogen (H2) demand discussed in section 4.1.3 and a Proton Exchange
Membrane Electrolyzer (PEMEL) based PtH2 unit operating with electricity prices of the year 2022. Similar
figures for other scenarios are placed in the appendix on page XL and following. The corresponding results
addressing the LCoH2 and the CO2–Footprint (FCO2) of the produced H2 are plotted on the primary y–axis
of the left diagram as normalized values. Additionally to that, the computing time with its Relative Standard
Deviation (StDrel) for a tint=15 min indicated by whiskers is displayed on the secondary y–axis. The plot on the
right covers the resulting component sizes of the PtH2 units Grid (Gr), Battery (Ba), Electrolyzer (El), Storage (St)
and Compressor (Co). Each value is normalized by division through the mean of the actual series. In addition,
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the symetrical (±) StDrel of the values are given in the figure legend.

Figure 7.1: The sensitivity of the normalized objective values LCoH2 and FCO2 on the primary y–axis
and the corresponding computing time on the secondary y–axis related to the resolution tint (left). The
resulting normalized component sizes (right). Both diagrams are based on an PEMEL operating in the
year 2022. The respective StDrel (±) for each objective value and component size is shown in brackets.

The performed optimization runs are based on the economic objective which minimizes the LCoH2. The
resulting objective value LCoH2 (red line) does not vary more than ±1 % as the StDrel in the legend of figure 7.1
and the figures E.1 to E.3 in the appendix show. The relative FCO2 on the same y–axis (not targeted by the
optimization tool in this case, but calculated) scatters in a similar order of magnitude. The results calculated
by the optimization for identical inputs are supposed to lead to identical results according to the manual of the
applied Gurobi solver [60]. Thus, the experienced StDrel for the objective values originate in the varied resolution
tint. The left plot in figure 7.1 allows the conclusion, that the length of the resolution interval has a neglectable
effect on the objective results. The computing time is expected to be influenced by the resolutions, thus only the
StDrel for several optimizations with a resolution of 15 min is shown. The computing time shows a significant
increase for a resolution tint smaller than 20 min.

The optimization tool results are further analyzed in the right graph of figure 7.1 which includes the computed
PtH2 component sizes. Apart from the Ba, the dimensions show almost constant averaged values for all resolutions
with StDrel smaller than < ±5 %. Whereas the integrating PtH2 units St and Ba show relatively high StDrel

taking the figures E.1 to E.3 in the appendix on page XL into account. Their capacities show maximal StDrel

around ±7 % for the St and up to ±48 % for the Ba. The figure 7.1 visualizes the strong dependency of the
Ba capacity to the resolution tint. The normalized values do not show a plateau which would identify constant
values. Therefore the StDrel, especially for the Ba, has to be kept in mind in the following interpretations of the
optimization tool results. The reasons for the high StDrel of the integrating PtH2 units are already discussed
within the previous section 6.3 and relates to the position of the demand peaks and the Time–Stamp (TS).

Consequently, this thesis applies a resolution interval of tint=15 min for all performed optimizations. An
interval of 15 min seems to be a good compromise between computing time and precision while representing the
shortest product traded at the Intraday (ID) spot market.
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7.2 Techno–economic parameter sensitivities
In the subsequent sections, the optimization tool will be applied to the case study while varying individual techno–
economic input parameters. These conducted optimization runs are analyzed in a sensitivity study similar to the
procedure applied by Röben et al. (2021) [111]. Each performed optimization is based on the basic parameters
of an PEMEL operating at the ID market.For the sensitivity study, the PtH2 unit and the El are considered to
not participate in the AuxS markets. The H2 demand is based on the “standard” H2 demand for the case study
elaborated in section 4.1.3. The capacity constraint of the Gr connection (7 MWEP ) relevant in the case study is
not considered for this sensitivity study. The same applies to the Electricity–Price–Compensation (EPC) and the
procurement of Gurantees of Origin (GoO) which are not implemented in this sensitivity study. The sensitivities
are analyzed for the electricity prices in 2020 and 2022 as these represent the price extremes for PtH2 units. The
resulting figures F.1 to G.6 are placed in the appendix on page XLII and following. A combination of varied
parameters is not discussed. First, investment–related sensitivities are analyzed by altering the specific investment
costs. Second, technology–related parameters such as efficiencies and pressure levels are varied and discussed in a
similar manner.

7.2.1 Investment related sensitivities
The findings of the sensitivity study addressing specific investment costs are summarized in figure 7.2. As the
figure visualizes several aspects at once, it is explained before the actual results are discussed themself. The
diagrams in figure 7.2 are based on identical x–axes while each diagram has an individual y–axis. In the case of
the specific investment sensitivities addressed within this section, all considered investment costs are multiplied by
an individual variation factor. Specific investment costs relevant to the PtH2 unit itself which can not be assigned
to a PtH2 element are not considered (such as expenditures on labor). The two–row plot on the left–hand side
covers the resulting LCoH2. At the same time, the two diagrams below show the effects of the variation on the
electrolyzer capacity (in MW) and on the Annual Full Load Hours (AFLH) of the El (in %).

The capacities of the other PtH2 units are displayed on the right side of figure 7.2. This includes the capacity
of the Gr, the St, the Ba and the Co. The legend on the upper left is applicable to all seven plots shown in the
figure. Each line–color represents the variation of a specific PtH2 element investment costs. The PtH2 elements
are gathered in the legend on the left–hand side. Note that this scenario with an PEMEL in the year 2022 is
chosen because all PtH2 elements including the Ba are implemented by the optimization tool so that the behaviour
can be analyzed best. To interpret the figure 7.2, the variation of the components El, St and Ba are discussed
in particular. In the first place, the effects of varying specific El investment costs are considered. These specific
costs have a clear positive relation to the LCoH2 as the ascending line in the upper left plot shows. Reduced El
costs lead to a larger dimensioned capacity which correlates directly to a decreased amount of El AFLH (ElAF LH).
The optimization tool seems to conclude that the direct production of H2 becomes advantageous as TS with high
electricity prices can be partly avoided. This circumstance can also be found in the optimized dimensions of the
PtH2 elements shown on the right side of figure 7.2. The Gr capacity increases with the El capacity. The St is
dimensioned smaller in size because the El tends to supply the Process (Pr) directly. The Co capacity increases
with reduced El investment costs and increased El capacity. The Co compresses more H2 in TS with higher El
production.

The effects implied by varied specific St costs are discussed in the second place based on figure 7.2. The LCoH2

reduces with reduced St costs while an increase results in a smaller capacity and which is reflected by a minor
change of the LCoH2. The St capacity increases with reduced investment costs. Further, halved St costs double
the implemented St capacity. The El capacity is not affected by varied Co investments. In the third place, the
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Figure 7.2: Sensitivity of the optimization tool results in respect to an economic objective with regard to
individual varied specific investment costs of the PtH2 elements. Based on the year 2022 and a PEMEL
system.

LCoH2 does correspond to the specific Ba investment costs. Whereas reduced the reduction of the Ba costs, its
implemented capacity and the implemented Gr capacity rise. The Ba investment costs do not have an effect on
the El capacity, nor on its AFLH as the straight green line in two left–foot diagrams show. Varied specific Gr
investment costs affect the LCoH2 and the optimized Ba capacities proportionate. These conclusions concerning
the Ba have to be handled with care as the Ba capacity shows a high StDrel for different resolution tint.

7.2.2 Technology related sensitivities
After discussing sensitivities related to specific investment costs, the sensitivity of technical parameters is about
to be discussed within this section. The technical sensitivity study includes two figures while the first figure 7.3
addresses El related parameters. The second figure 7.4 includes parameters related to the compression of H2 and
the storage of electric energy. The sensitivities displayed in this section are based on a PEMEL electrolyzer with
an El minimal load (Elmin) of 0.05 MW/MWmax, an efficiency of Elη = 63 % referenced to the Lower Heating
Value (LHV) and an El load gradient (ElGrad) = 1.0 MWmax/min. The sensitivity studies based on different
scenarios are placed in the appendix as mentioned previously. The time–series includes the standard H2 demand
of the case study determined in section 4.1.3. The electricity price time–series is represented by the ID market
prices in 2021.

Figure 7.3 and figure 7.4 give an overview of the LCoH2 and PtH2 element capacity sensitivities in a manner
similar to the investment sensitivities. Thereby, the LCoH2 is plotted on the left–hand corner and the El capacity
and its ElAF LH are shown on the left–foot corner. The related capacities of the further PtH2 elements are shown
on the right. Each subplot is defined by its y–axis label. This plot includes three x–axis due to individual units of
each varied parameter. The three x–axis are applicable to the plots above.
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Hydrogen production sensitivites Figure 7.3 covers the sensitivities implied by the parameters Elmin,
the ElGrad and the Elη as the three x–axes indicate. The Elmin is defined in section 2.2.2 and implemented in
section 5.2.3. It considers the minimal operating power in relation to the maximal power. The value is relevant
for Alkaline Electrolyzer (AEL) units which have a minimal load of 0.20 MWmin/MWmax and play only a minor
role for PEMEL (0.05 MWmin/MWmax). An increased Elmin leads to higher LCoH2 as the PtH2 unit is forced to
procure electric energy to all points of time by the Elmin. TS with expensive electricity prices can not be excluded
by throttling the El down. For an Elmin, the optimization tool does not implement a battery whereas increased
Elmin leads to the implementation of a Ba unit to exclude moments of high electricity prices. This thesis will
later show that a battery is not reasonable for lower electricity prices as happened in 2021 or earlier. An increased
Elmin corresponds to smaller El and Gr with a corresponding increase of the ElAF LH . Further, the necessary St
capacity decreases because less H2 has to be stored when the El is operating at a high Elmin.

Figure 7.3: Sensitivity of the optimization tool results for an economic objective with regard to the
technical parameters of the El such as the Elmin, the ElGrad and the efficiency El∗η based on the LHV.
Incorporating a PEMEL and electricity prices of the year 2022.

The ElGrad on the secondary x–axis considers the change in operating power in MWmax/min. Due to the
chosen resolution size, this aspect can become obsolete. For example, the maximal relevant gradient for a 5 MW
El and time intervals of 15 min is about ∼0.067 MWmax/min as higher gradients would reflect an instantaneous
behavior. This is reflected by the results shown in figure 7.3 where an increase of the LCoH2 for ElGrad smaller than
0.05 MWmax/min can be identified. The El and Gr sizes are significantly decreased by the ElGrad. The ElAF LH

increases as load–reduction potential is reduced. Further, the St and especially the Ba is dimensioned larger with
a reduced ElGrad. AEL and PEMEL can adjust their power consumption a lot faster (within 0.10 MWmax/s) as
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shown in section 4.2.4 and therefore this gradient is not of practical relevance in this thesis.
The efficiency Elη is plotted on the third x–axis in figure 7.3. It is defined as the ratio between the required

amount of input energy and the energy of the resulting H2 mass flow. A typical efficiency for an El is between
60 and 70 % referenced to the LHV. The Elη has a drastic effect on the resulting LCoH2 as an increased efficiency
corresponds to less electric energy required for the conversion. Increased efficiency leads to a smaller El and Gr
while the ElAF LH remain roughly constant. The data show, that an increased efficiency corresponds to slightly
reduced St capacities, the other components are not affected.

The sensitivities based on other scenarios such as electricity prices for the year 2020, annexed on page XLIV,
show different LCoH2 prices. The optimization tool does not consider the Ba for these scenarios, as the lower
electricity prices do not justify a high investment in a Ba. This counts for all analyzed Elmin values.

H2 compression and battery sensitivites Figure 7.4 considers parameters related to the compression and
storage of H2 within the same PEMEL scenario with energy market data from 2022. This involves the efficiencies
Coη and the Baη, the maximal St pressure, and the pressure and temperature at the El outlet. Similar to the
sensitivities discussed in figure 7.4, only one parameter is altered while the others represent the parameters derived
in section 4.2. Note that this thesis only includes the maximal storage pressure to calculate the work of the Co.
Thus, a decreased pressure ratio for proportionate State–of–Charge (SOC) is not considered.

Figure 7.4: Sensitivity of the results incorporating an economic objective with regard to the technical
parameters of the compression stage covering the input and output pressures of the Co, its efficiency Coη

and the output temperature of the El. In addition, the Baη is analyzed. Incorporating a PEMEL and
electricity prices of the year 2022.

The sensitivity study displayed in figure 7.4 shows that the simulated parameters only have a minor effect
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on the resulting LCoH2, as the y–axis on the left–hand corner only covers ∆LCoH2=0.2e/kgH2. This indicated
range is in a similar order of magnitude as the StDrel (∼1 %) based on different resolutions discussed in section 7.1.
Therefore, the analysis of figure 7.4 can only identify aspects of interests but no reasonable findings.

The dominant factor for the compression process can be identified to be the El outlet pressure. Tjarks
(2017) studied the relation between electrolyzer efficiency Elη and outlet pressure ElP and concluded that the two
parameters influence each other. An increased pressure comes with a decreased Elη, thus the parameters build
up a tradeoff. He recommended El with a high outlet pressure as this decreases the resulting work performed by
the Co unit although the corresponding Elη might decrease [133]. This master thesis considers both parameters
separately and does not include their interference. Nonetheless, the sensitivity study shows that the altered Elη
has a much more significant impact compared to the outlet pressure ElP .

In addition to the ElP , the StP influences the pressure ratio, relevant for the compression work. Typically,
the Coη would be a function of this pressure ratio as well, which is not implemented in the optimization tool. An
increased compression ratio leads to the increase of H2 storage costs. A relevant factor for the Ba capacity is its
efficiency Baη. The Ba unit is not installed for small Baη, whereas small Baη below 90 % have no relevant effect on
the resulting LCoH2. In general, the analyzed and discussed sensitivities show, that the optimization tool reacts
in a reasonable sense to the varied input parameters. Therefore, the actual scenario–based optimization can be
performed. The obtained results are depicted and analyzed in the following section. It incorporates a grid–serving
PtH2 unit in the first step. Further, the system serving aspects is added by analyzing the changed LCoH2 and
component sizes due to participating in the AuxS markets in a second step.

7.3 Scenario analysis
To assess the case study and the related component sizing issue, this thesis conducts two scenario analyses sum-
marized in figure 7.5. One of them relates to the Epex Spot SE (EPEX) spot markets Day–Ahead (DA), ID and
the Over–the–Counter (OTC) market representing the case study with a coal–power contract. Thereby, the spot
market scenarios are considered by this thesis to be grid serving, as they reflect the balance in the electricity grid.
Contrary to that, the OTC scenario can not be considered to be grid serving as the electricity prices are only a
function of the costs related to the procurement and conversion of coal to electricity. The second analysis includes
scenarios addressing the possible benefits of participation at the AuxS markets resulting in a system serving op-
eration. Thereby, it focuses on the ID market as it is the most flexible market and compares the obtained PtH2

dimensions for the AuxS scenarios with the non–AuxS scenario (called “Base” in the following). The optimization
tool is run with the techno–economic data analyzed in section 4.2.

Figure 7.5: Overview of the optimized scenarios on the energy mar-
kets and the AuxS markets. Each analysis is performed for a PtH2
unit based on an AEL and on a PEMEL respectively.

In order to address different possible developments in the energy markets, each scenario is optimized for the
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price–related time–series of the last four years respectively. This includes the electricity price and the AuxS price
time–series of the years 2019 to 2022. All price–related data are adjusted for inflation, while the H2 demand
is represented by the standard year 2020 elaborated in section 4.1.3. The influence of different H2 demands
represented by different years is shown in figure H.1 in the appendix on page L. Within the optimization tool,
downtime periods are excluded as discussed in the same section. The scenario analysis considers the procurement
of GoO and the EPC issued by the “Deutsche Emissionshandelsstelle”, a subordinate authority of the Federal
Environmental Agency. Thus, the procured electricity is certified to be of green origin.

Each scenario in both analyses is performed for an AEL and a PEMEL based PtH2. The analysis is evaluated
by discussing the composition of the resulting LCoH2, the calculated PtH2 component sizes and the optimized
dispatch. Further, the LCoH2 and the corresponding FCO2,H2 are compared to the as–is situation operating with
Natural Gas (NG).

7.3.1 Energy markets analysis
The energy market analysis covers the performance of the PtH2 unit for different scenarios. The scenarios consider
either a PEMEL or an AEL while the PtH2 units procure their energy in different energy market scenarios such as
an OTC coal contract and two EPEX spot markets. As figure 7.5 shows, the markets DA, ID with quarterly and
hourly prices are considered alongside the monthly coal OTC contract. An overview of all resulting component
sizes is given n figure H.2 on page LI in the appendix. The scenario analysis is divided into the expected LCoH2,
the optimized component sizes and dispatch followed by a balance including an environmental assessment.

Estimated LCoH2 Figure 7.6 shows the computed LCoH2 for an optimal PtH2. The figure includes the share
of the Operating Expenditures (OpEx) and Capital Expenditures (CapEx) summing up to the LCoH2. Note that
the terms OpEx and CapEx consider the specific exposures referenced to the mass of produced H2 (kgH2). The
figure covers the PEMEL and the AEL operating at three different energy markets. On the left, their operation
based on a coal–power contract is shown next to their operation on the DA market in the middle and on the
ID market at the right. The price volatility of the markets differs as shown in section 4.3.1 and in addition, the
coal–power contract includes monthly values while the DA and ID markets are divided up into 60 min and 15 min
tint respectively. Each scenario is analyzed for the four years of observation. The year 2022 is only considered
until November 30th, thus the annual CapEx are only considered proportionately as shown in section 5.3.1.

Figure 7.6: The resulting LCoH2 distinguished in OpEx and CapEx of the scenario analysis focusing on
the energy markets incorporating a coal–power contract and the DA and ID markets. AEL and PEMEL
are considered without the participation at the AuxS markets.
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The figure 7.6 shows two clear trends. In the first place, the OpEx contribute for the most part to the LCoH2.
In the second place, the results in the figure indicate the highest costs for the year 2022 with 11.73e/kgH2, and
the lowest costs for the year 2020 with 2.78e/kgH2. The year 2022 is clearly an outlier in the perspective of
H2 costs caused by difficulties in the energy markets related to global politics discussed in the technical analysis
in section 4.3.1. The predominant relevance of the OpEx is also described in the literature by the International
Renewable Energy Agency (2020) among others [72], [76], [91]. The LCoH2 determined in this work can be verified
with a literature–based publication of the “Sachverständigenrat für Umweltfragen” (SRU) in 2021, who depicted
LCoH2 for the years 2018 to 2020 to be in the range of 2.01 to 4.97e/kgH2. Note that these values do not
incorporate the high energy prices in 2022 or inflation.

Figure 7.7: The resulting LCoH2 of the scenario analysis focusing on the energy markets incorporating a
coal–power contract and the DA and ID markets. AEL and PEMEL are considered without the partici-
pation at the AuxS markets.

The resulting LCoH2 of the 6 analyzed scenarios are compared to each other in figure 7.7. It shows the
four years represented by electricity prices on the y–axis and the corresponding LCoH2 on the x–axis. The plot
shows, that the spot market scenarios result in smaller LCoH2 before 2022 due to the lower average electricity
prices. Whereas the ID market results in lower optimized LCoH2 compared to the DA. The AEL operating on
the ID market results in the lowest LCoH2 for the year 2020 which experienced the lowest electricity prices. The
LCoH2 in 2022 are four–times higher than the minimum prices in 2020. Consequently, the ID spot market with
an AEL performs best from the economic perspective for the analyzed case study. The constitution of the LCoH2

is analyzed in the upcoming figure 7.8 and figure 7.9 in further detail.

Figure 7.8: Levelized OpEx of the scenario analysis focusing on the energy markets incorporating a coal–
power contract, the DA and the ID market. AEL and PEMEL are considered without the participation
at the AuxS markets.
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The specific OpEx, identified as the main contributor to the LCoH2 in the figure 7.6, are visualized in figure 7.8.
The predominant OpEx component is the costs to procure electric energy on the respective energy markets. The
other contributor, mainly the labor and maintenance exposures, are not significant as their contribution is small.
Further, the GoO contribute with ∼0.15e/kgH2 and the labour with ∼0.34e/kgH2 to the LCoH2. The industry
partner is expected to receive EPC of about 0.26 to 0.95e/kgH2, depending on the year of observation (and thus
the European–Union–Allowances (EUA) prices according to section 2.1.5). The AuxS related components are not
present as the scenarios do not include participation in these markets.

An overview of the CapEx is given in figure 7.9. The largest contributor to these costs is the El investment
followed by the Gr and the St investments. The St investments and thus the capacity of the spot market scenarios
in the year 2022 is increased compared to the other years. In addition, the Ba is considered for the ID scenario in
the same year. Note that these values show a high StDrel for different resolutions as discussed in section E. The
ID scenario includes an extensive price spread forcing the El with the implemented Elmin to procure electricity at
all TS. Consequently, the high electricity price makes storing H2 more reasonable and a high price spread favors
the storage of electric energy. The Co unit does not contribute significantly to the costs. Table 7.1 compares the
computed costs with the currently used NG.

Figure 7.9: Levelized CapEx of the scenario analysis focusing on the energy markets incorporating a coal–
power contract, the DA and the ID market. AEL and PEMEL are considered without the participation
at the AuxS markets.

To reference the values calculated by the optimization tool, table 7.1 compares the PtH2 scenarios to the as–is
situation at the production facility of Aurubis. The values are referenced to a ton of copper for comparability
similar to the procedure performed by Schütte et al. (2022) [117]. The table includes the three energy market
scenarios while the two PtH2 unit configurations consisting of a PEMEL or an AEL are averaged. In addition, the
table includes prices for the procurement of NG which is based on the Dutch TTF Natural Gas index retrieved from
investing.com [80]. The value considers only OpEx related to the procurement and includes no maintenance
or investment related expenses. Therefore, this comparison aims to show a qualitative increase in costs
and does not include a proper quantitative assessment.

Nevertheless, the poling of copper with H2 is clearly ∼2.1 to ∼5.0 times more expensive compared to
NG per ton of Cu (maximal ratio between the spot market scenarios and the NG consumption). According
to a market analysis by the European Commission, the coal, electricity and especially the gas markets
experienced a serious price increase in 2022 due to the war in Ukraine and the resulting tensions in the
energy markets [43]. Figures describing the markets are shown in section 4.3.
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Table 7.1: Comparison of the averaged LCoH2 computed by the optimization tool based on
the energy markets’ scenarios with the currently used NG. The values are given in e/tCu,
the gas prices are from investing.com [80].

Coal–power Day–Ahead Intraday Natural Gas
2019 7.12 4.69 4.61 1.06
2020 6.49 3.80 3.71 0.74
2021 9.27 7.33 7.27 2.61
2022 14.57 15.63 15.12 7.28

Optimized component sizes It is noticeable that the CapEx for the years 2019 to 2021 remain roughly
on a constant level while the OpEx vary. The figure 7.10 includes reasons for that by plotting the resulting
component sizes of the El and the corresponding AFLH for each scenario.

Figure 7.10: Resulting El dimensions and corresponding ElAF LH of the scenario analysis focusing on the
energy markets incorporating a coal–power contract, the DA and the ID market. AEL and PEMEL are
considered without the participation at the AuxS markets.

The El capacity is shown in figure 7.10 together with the corresponding ElAF LH for all analyzed
scenarios. The El capacity optimized for the coal–power contract remains constant for the years 2019
to 2022. Comparing the PEMEL and the AEL to each other, the PEMEL is dimensioned a bit larger
although it is affected by higher specific investment costs. This difference is in a similar order of magnitude
as their difference in efficiencies. The sensitivity study in section 7.1 shows a similar influence, an increased
efficiency leads to smaller El capacities. The component sizes calculated for the spot market scenarios in
the years 2019 and 2020 show a slightly increased El capacity and a corresponding decreased AFLH that
can be identified in comparison to the coal–power scenario.
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Contrary to the coal–power scenarios, the optimization tool calculates slightly increased PEMEL
capacities for the electric energy spot market prices. The increased capacity might be explained by the
increasing price volatility in 2021. Probably, the PEMEL can make more use of this volatility in contrast
to the AEL which is restricted by a larger Elmin. In general, the two graphs in figure 7.10 show that the
high electricity prices in 2022 lead to increased El capacities. Oversizing becomes advantageous as TS
with low electricity prices can be used to store H2 and throttle the El for TS with high prices. Note that
the El capacity of the year 2022 is close to the maximal available power of the Gr constrained in the case
study to 7 MWEP . Thus, the resulting LCoH2 might not reflect the global optima but the optima related
to the case study. The relative SOC of the pressurized H2 St is shown in figure 7.13 on the next but one
page. The figure gathers the relative SOC for all scenarios of the year 2021.

Figure 7.11: Resulting Ba and St dimensions of the scenario analysis focusing on the energy markets
incorporating a coal–power contract, the DA and the ID market. AEL and PEMEL are considered
without the participation at the AuxS markets.

Figure 7.11 gives an overview of the implemented capacities of the two energy and H2 storing PtH2

elements Ba and St. All in all, the St is clearly favored by the optimization tool in contrast to the Ba.
The specific costs, elaborated in the techno–economic analysis in section 4.2, for the storage of energy
and in a St and a Ba vary. The costs for a pressurized St is about 16e/kWhH2 in contrast to a Ba which
is affected by about 370e/kWhEP , excluding costs related to compression and the Ba efficiency. Thus,
the investment in a pressurized St is more than ten times smaller compared to a Ba. Only high electrcity
prices or a high Elmin justify a Ba as also shown in the sensitvity study in figure 7.4. This explains the
rare implementation of the Ba by the optimization tool.

The St calculated for the coal–power contract is larger compared to the cost–convenient years 2019
and 2020 at the spot markets. The St sizes calculated for the PEMEL scenario are higher compared to
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the AEL scenarios. The St sizes calculated for the year 2022 are larger which comes hand in hand with
the increased El dimensions. According to the theory of section 2.2, a St capacity of 1 tH2 corresponds
to a volume of 141.1 m3 at 100 bar relative. This incorporates the relative Anode Furnaces (AF) inlet
pressure of 10 bar.

Optimized PtH2 dispatch To compare the optimized dispatches for the scenarios, the time–series
data for a PEMEL based scenario at the beginning of August 2021 is exemplarily shown in figure 7.12.
A similar plot is shown in figure H.3 in the appendix on page LI with the AEL based scenarios. It
includes the prices of the coal OTC–market (“LCoCoal”), and the EPEX ID and the DA spot market
prices. Further, the second row of diagrams shows the dispatch of the El while the third row identifies
the corresponding SOC of the H2 storage. The fourth row of diagrams represents the H2 mass flows to
the AF which represents the reductant demand in the case study. To visualize the values, the time–series
are resampled to a resolution of tint=1 h. Differences between the DA and ID are very small in this plot,
as they are balanced out by the applied average.

In the first place, the figure indicates the different bandwidths of the electricity prices on the monthly
based OTC and the hourly (and quarter–hourly) spot markets. Both spot markets show negative prices
at the 31st and 7th of August. The figure shows in the second place, that the dispatch of the El for the
spot and OTC markets is designed in a different manner. The El throttles on the ID market in a larger
bandwidth while the El operates at the OTC market closer to its maximum.

Figure 7.12: Comparision of three PEMEL based scenarios in 2021 with the specific electricity prices, the
dispatch of the El and the SOC of the H2 St. The price time–series are retrieved from EPEX among
others [38], [78], [79].

The optimization tool excludes the TS with high electricity prices by reducing the consumed power of

Page 83



Master Thesis Nicolas Neubauer

the PEMEL in the spot market scenario, while TS with low or negative prices are exploited. For PtH2

units with an AEL system, the dispatch of the El is similar whereas the higher Elmin load is incorporated
as the figure H.3 on page LI shows. The SOC of the H2 St is analyzed in the third place. In the
OTC scenario, the SOC has a smaller amplitude compared to the spot market scenarios. A larger price
bandwidth results in a more volatile SOC timeline. This aspect is further elaborated in figure 7.13, which
shows the SOC for a full year.

The H2 flow supplying the AF of Aurubis is coming either directly from the El or indirectly from the
St. Comparing the OTC to the spot market scenario, several spikes of the St_to_Pr variable between
the 2nd and the 5th of August can be identified. The spikes indicate, that the optimization tool satisfies
the PtH2 demand at expensive TS with the St and to a smaller extent by the El directly. The share of
indirectly supplied H2 from the St increases for an AEL based system. This is caused by the higher Elmin

and the resulting accumulated H2 in the St. This is the case although the compression process for an AEL
system is more energy intensive due to the lower outlet pressure, whereas this circumstance is identified
to be not significant in the sensitivity study.

To understand the dispatch further, the annual dispatch of the El and the SOC are visualized for the
2021 scenarios in two subsequent figures 7.13 to 7.14. The displayed figures are resampled to a resolution
of tint=1 h and their values are represented by the color intensity indicated by the bar on the right. The
production downtimes in July and November which are excluded by the optimization tool can be identified
by the white gaps in the figures.

Figure 7.13: Optimized dispatch of the St represented by the St_SOC variable in the year 2021 for the
three energy–markets and both El technologies.

Comparing the SOC of the H2 St in figure 7.13, it can be identified that the St reaches its full capacities
less frequently. The annual values for the two spot market scenarios do not show significant differences.
The same counts for the PEMEL and AEL scenarios. The figure shows, that storing H2 for long periods
of time, for example for the winter season is not considered by the optimization tool as the storage is
discharged frequently.

The annual dispatch of the El is shown in figure 7.14, represented by the El_in_Production variable.
The variable is the summative input electric power covering the connection to the Gr and to the Ba
unit. The consequences drawn in the focused figure 7.12 can be extended. The El operates close to its
maximum in the case of the OTC scenario while the El throttles down more frequently in the two spot
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market scenarios, Further, the volatility of the dispatch is more pronounced in the ID scenario. The
differences between the AEL and the PEMEL system implied by the Elmin can not be identified in that
figure. The H2 demand identified in the case study decreases in the middle of September and so does the
electricity consumption of the El. As discussed in section 4.3.1, the energy markets experienced increased
price volatility in the autumn of 2021 which correlates with decreased production and decreased demand
for reductants.

Figure 7.14: Optimized dispatch of the El represented by the El_in_Production variable in the year 2021
for the three energy–markets and both El technologies.

Environmental assessment and balances The procurement of electric energy comes together with
a specific FCO2 related to its generation. Whereas the procured electricity is considered to be certi-
fied by GoO, the following analysis quantifies the physical applicable FCO2. The H2 produced by the
PtH2 is affected by a FCO2,H2 of approximately 20.01 to 24.69 kgCO2/tH2, depending on the annual
FCO2 of the electricity mix. These values are in the range of a publication issued by the SRU who con-
ducted literature research in 2021 which shows that the FCO2,H2 is about 14.00 to 26,00 kgCO2/tH2 [114].
The FCO2,H2 resulting from the procurement of a coal–power contract is higher with an approximate
FCO2,H2=45 kgCO2/tH2. The emissions related to the production with a PEMEL are larger compared to
AEL due to its lower efficiency. To compare these values with the currently used reductant NG1 and its
related FCO2, all values are referenced to a ton of copper as demonstrated by Schütte et al. (2022) [117].
The values are gathered in table 7.2 which distinguishes the PtH2 scenarios based on the ID, the DA and
the OTC options and the direct use of NG. The values for the PEMEL and AEL are averaged. For the
computation of the Carbon Dioxide (CO2) caused by NG, the CO2 factor of 201.2 kgCO2/MWh is applied
which is determined for the case study in the appendix on page XXIX.

The procurement of electric energy to produce H2 performs clearly worse compared to the direct
use of NG. The amount of CO2 emitted by the production based on the electricity mix is roughly ∼3
times more than the NG as–is situation. Further, a PtH2 unit consuming coal–power emits ∼6 times
more CO2 per ton of copper. Thus, in physical terms, the direct consumption of the reductant NG
is favorable compared to the H2 sourced by electrolysis in a PtH2 plant. This aspect is cured by the
procured GoO which certifies the consumed electricity to be CO2 neutral. This leads to a FCO2 reduction

1Note that Schütte et al. (2022) for example consider a different NG consumption of 1,892 tNG as an average without
any process–related filters due to different measurement stations [117].
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Table 7.2: Comparison of the averaged FCO2 computed by the optimization tool based on
the coal–power and the spot market scenarios with the currently used NG. The data is
referenced to a ton of copper in kg CO2/tCu.

Coal–power Day–Ahead Intraday Natural Gas
2019 58.26 30.48 30.72 9.35
2020 58.39 26.79 27.11 9.37
2021 58.27 30.55 30.49 9.35
2022 60.38 31.96 32.75 9.71

by approximately 9.4 kgCO2/tCu on the balance sheet based on the currently consumed NG. The one but
next section 7.4 extents the objective function and considers the FCO2,H2 criteria during the optimization
next to the LCoH2 and assesses the effects on the PtH2 dimensions.

During the operation of a PtH2 unit excess Oxygen (O2) and Heat (Q) are generated. These two figures
are proportionate to the amount of produced H2 which equals 551,613.8 kgH2 in the standard year 2020.
According to the theoretial considerations of section 2.2, an annual O2 mass of about ∼4,378.3 tO2/a
is generated due to stochiometry. The overall consumtion of Water (H2O) including sewage water is
∼9,377.4 tH2O/a. Schalling et al. (2022) and others recommend considering the use of the excess O2 [30],
[107], [111]. The production facility of Aurubis in Hamburg is suitable for this as a process upstream of
the AF is operated with O2 enriched process air as Röben et al. (2021) assess [111]. In addition, the
production of H2 yields in ∼9.0 GWhQ/a excess heat at a temperature level between 55 to 80 ◦C depending
on the temperature level of the El. The usage of excess heat can yield an overall energy utilization of
∼90 % based on the Higher Heating Value (HHV) according to Buttler et al. (2018) and the Danish
Energy Agency (2017) [17], [23]. The integration of excess heat origin in the PtH2 unit in the case study
circumstances should be further discussed in a subsequent project.

The subsequent section analysis how participation at the AuxS, namely the Frequency Containment
Reserve (FCR) and the Automatic Frequency Restoration Reserve (aFRR) markets, influence the LCoH2

and the optimal component sizes of a PtH2 unit. To do so, it compares the results to the non AuxS (Base)
scenario on the ID market discussed within this section.

7.3.2 Auxiliary services analysis

Referring back to the economic assessment in the previous section, a supply of the AF with locally produced
H2 in a PtH2 unit is not competitive with NG. Thus, this section analysis how the participation at the
AuxS markets can decrease expectable LCoH2 and how the optimization tool sizes the PtH2 elements
based on the additional revenue option. As shown in the figure 7.5, which gives an overview of the
performed analyses, this assessment is based on the ID market and includes the participation at the FCR
and the aFRR capacity markets (capacity –only). The results are calculated for the AEL and the PEMEL
respectively. Note the simplifications made for the implementation of AuxS. In the first place, the PtH2

unit is assumed to offer its services in an AuxS pool and not directly in the markets which might decrease
the expectable revenues. Further, the published prices are averaged prices for the pay–as–bid market.
Therefore, the resulting values discuss subsequently only indicate the order of magnitude.
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The ID–Base scenario assessed in the section beforehand is used as a reference in the subsequent
figures. The figures indicated the deviating (∆) costs and component sizes related to the participation on
the FCR and aFRR markets referenced to the ID–Base scenario. An overview of the obtained results for
the AuxS scenario is given in the appendix on page LIII.

Figure 7.15: Resulting ∆LCoH2 of the AuxS scenarios in reference to the ID–Base scenario distinguished
in an AEL and a PEMEL based PtH2 setup.

Figure 7.15 addresses the deviation of the LCoH2 for a PtH2 unit participating at the aFRR and the
FCR capacity services. The figure distinguishes the resulting ∆LCoH2 in the ∆OpEx and ∆CapEx by
different colored bars. The value noted above each bar in the figure indicates the total cost deviation. As
in the section beforehand, the years 2019 to 2022 are compared for each run.

All analyzed AuxS involving scenarios show a decreased LCoH2 although the extent differs clearly from
-0.04 to -0.73e/kgH2. The LCoH2 decrease in 2020 is the smallest, whereas the absolute values for the
ID–Base scenario shows already the lowest prices. The highest decline for the aFRR scenario is expected
for the year 2021, which would result in a LCoH2 for an AEL setup of 4.88e/kgH2 and for a PEMEL
setup of 5.00e/kgH2. The cost reduction is approximately 12 to 13 % for both El technologies.

Figure 7.16: Resulting ∆OpEx of the AuxS scenarios in reference to the ID–Base scenario distinguished
in an AEL and a PEMEL based PtH2 setup.

The PEMEL is sized larger in the aFRR scenario for 2021 while it receives more aFRR revenues
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compared to the AEL which results in similar ∆LCoH2 due to different specific investment costs. Further
effects related to the El technology can not be identified. The LCoH2 cost decrease due to the participation
at the aFRR capacity market is larger compared to the FCR market. The bars in figure 7.15 show that the
reduced LCoH2 can be assigned to reduced OpEx as they incorporate the AuxS revenues. The revenues
can be made without increased CapEx costs for all years but 2021. In the 2022, FCR, AEL scenario for
example, a slight increase in the CapEx is also possible. Note that the maximal Gr capacity is constrained
by the case study to 7 MWEP which is already reached in the Base scenario for the year 2022. Therefore,
an increase El capacity can only be achieved by downsizing other components, such as the Ba, to be able
to participate more in the AuxS markets. The two figures below distinguish the OpEx and CapEx in their
respective components.

Figure 7.16 focuses on the ∆OpEx deviation discussed above. The OpEx decrease is mainly caused
by the revenues from the participation at the AuxS markets. This requires additional expenses for the
procurement of electrical energy. The aFRR capacity market consists of two products aFRR(-) and
aFRR(+) as explained in section 2.1.3 whereas the primary cost reduction is related to the aFRR(+).
The positive sign indicates the PtH2 or the El respectively allows to decrease its consumption, increasing
the available energy in the power–grid. This behavior might favor the El operation as there is no need for
oversizing but only the constraint to keep a constant value for four hours.

In addition to the analyzed ∆OpEx, the figure 7.17 gives an overview of the CapEx. Whereas the
years 2019 and 2020 do not show any significant variation in the CapEx, the years 2021 and 2022 do. The
El is enlarged compared to the ID–Base scenario which causes the increased investment costs. Further,
the optimization tool downsizes the Ba for the year 2022.

Figure 7.17: Resulting ∆CapEx of the AuxS scenarios in reference to the ID–Base scenario distinguished
in an AEL and a PEMEL based PtH2 setup.

All PtH2 component sizes calculated for the AuxS scenario are shown in the appendix on page LIII.
This figure H.4 shows that the corresponding El dimensions for the years 2021 and 2022 are increased.
This comes together with decreased ElAF LH . The Ba, which is implemented in the ID–Base scenario for
the year 2022 due to the high electricity prices and the Elmin are downsized to <10 kWhEP for the aFRR
and FCR scenarios which is well within the StDrel error. The pressurized St sizes increase by 0.32 to 0.58 t
for the aFRR case while the FCR does not show a significant St capacity change. The optimization tool
makes full use of the Gr capacity (7.0 MWEP ) limited for the case study in 2022.
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7.4 Multi–objective optimization

Within this section, the scope of optimizing a PtH2 unit with respect to its component sizes and dispatch
is extended. The environmental assessment in the section beforehand showed that implementing a PtH2

unit increases the FCO2 per ton of copper if the electricity mix is considered. Although the procurement
of GoO to certify the electric energy to be green is considered in the case study, this section implements an
environmental objective represented by the FCO2 in addition to the economic LCoH2 objective. Thereby,
the EPC is not implemented. This results in a Multi–Objective Optimization (MOO) approach based
on the Pareto–principle as discussed in the preceding sections 2.3 and implemented in section 5.3.3.
The objective functions for LCoH2 and FCO2 are normalized with the results of an optimized single–
objective based on the LCoH2. Then, the weighted sum of the two objectives is implemented in the
model. Figure 7.18 visualizes the Environmental weighting factor (fF CO2) on the x–axes. The y–axes
of the left diagram display the resulting objective values (LCoH2 and FCO2,H2) on individual y–axis.
Further, the right–sided diagram shows the resulting El dimension in MW with its AFLH in %.

Figure 7.18: Results of the MOO analysis of the PtH2 unit with a PEMEL operating at the ID market
in the year 2021. The objective values are displayed on the left and the computed El dimensions with its
ElAF LH on the right based on the fF CO2.

The first reductions of the FCO2,H2 in figure 7.18 can be achieved without compromising for the LCoH2.
Further reductions increase the LCoH2. This corresponds to increased El dimensions and decreased
ElAF LH . The environmental objective does not consider any investments or component sizes so that only
the TS of operation is of interest. For fF CO2 larger than 0.6, the PtH2 components are sized primarily
in favor of the operating strategy.As the case study constraints the Gr capacity to 7 MWEP , the El does
not increase for higher environmental factors which would be the case for unconstrained capacities. This
would lead to drastic increased LCoH2 due to the large oversizes El up to >20 MWEP depending on the
scenario and fF CO2. The resulting FCO2,H2 would approach the ∼10 kgCO2/H2 asymptotically.

The MOO analysis with multiple weighting factors is conducted for a PtH2 unit operating at the ID
market for all four years of observation. The analysis includes an AEL and a PEMEL respectively. The
resulting weighting factor figures I.1 to I.8 are displayed in the appendix on page LIV. Figure 7.19 includes
all the resulting data points of figure 7.18 and the other performed MOO analyses in a Pareto–chart. The
Pareto–chart combines the objectives on each chart axis. The connected lines form the Pareto–front,
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which is defined to include the optimal relations between the two implemented objectives. Note that the
Pareto–front was developed for all kinds of simulation procedures which can yield in none–optimal but
feasible results. These results would form a cloud of data points in a Pareto–chart. The optimal edge
of that cloud would represent the Pareto–front which is directly obtained by the optimization procedure
applied in this work.

Figure 7.19: Visualization of the results for the four years of observation and a PEMEL and an AEL
respectively computed by the optimization tool for the MOO approach combining LCoH2 and FCO2,H2
in a Pareto–chart.

Figure 7.19 summarizes the MOO results computed for all four years of observation based on the AEL
and the PEMEL respectively. The environmental objective value FCO2,H2 is plotted on the y–axis and the
economic objective is represented by the LCoH2 on the x-axis. The pure economic result of each year and
PtH2 configuration is shown by the left-hand corner points, indicating the lowest LCoH2. A reduction of
the FCO2,H2 yields increased LCoH2 in all cases. The first reduction steps do not contribute significantly
to the LCoH2 as the optimization tool can make use of the correlation between the spot market prices
and the FCO2 discussed in section 4.3.4. An extended decrease comes hand in hand with increased LCoH2

for both El types. Figure 7.19 shows that the PEMEL is advantageous compared to the AEL as it can
reduce the FCO2,H2 further. The PEMEL is able to exclude TS with high FCO2 of the electricity mix due
to its lower Elmin. In general, the FCO2 reduction is the most pronounced one in the year 2020, which
shows low electricity prices and a low FCO2 of the electricity mix in the technical analysis in section 4.3.1.
Further, the correlation between the spot market prices elaborated in section 4.3.4 shows that there are
more TS in 2020 with a low FCO2 compared to the other years. Note that the lines in figure 7.19 do
not stretch in a similar range of values as the objectives are weighted only within the individual scenario.
Thus, a similar fF CO2 can result in different absolute values in other scenarios.

The CO2 abatement costs calculated based on figure 7.19 are ∼1,500e/tCO2. Typical values for CO2

abatement costs are in between 60 to 230e/tCO2 as for example “Agora Energiewende” (2019) shows
[4]. The costs implied by a CO2 influenced dispatch scheduling are several magnitudes higher than other
measures. Thus, FCO2–optimized PtH2 units can only contribute in a limited way to the decarbonization
of H2.
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Conclusion

This section is about to conclude the analysis performed and the results obtained in the previous chapters.
First, the results are summarized. Subsequently, recommendations for the industry partner Aurubis
are elaborated. Third, global consequences are drawn by relating the flexible operation of Power–to–
Hydrogen (PtH2) units to the energy transition. An overview of further development possibilities for the
created optimization tool is elaborated to close the work.

8.1 Summary

This thesis developed an optimization tool to determine optimal component sizes of a grid serving PtH2

unit for different scenarios with respect to the Levelized Costs of H2 (LCoH2). The scenarios incorporate
different energy markets, the participation at the Auxiliary Service (AuxS) markets and a Multi–Objective
Optimization (MOO) analysis including the CO2–Footprint of H2 (FCO2,H2). In a preceding analysis of
the energy markets, this thesis shows that the year 2022 is clearly an outlier with respect to energy
prices while the year 2020 experienced the lowest prices. Further, this work shows that a capacity–only
strategy for the Automatic Frequency Restoration Reserve (aFRR) market is reasonable due to the high
bidding price limit. The correlation between the system average emission factor (FCO2) and the electricity
prices shown in the literature are confirmed for the years 2019 to 2021. A definition of a grid serving
operation is worked out and differentiated from a system serving operation strategy. In addition, this work
conducts a literature review to determine reasonable parameters to model a PtH2 unit and its elements
Grid (Gr), Battery (Ba), Electrolyzer (El), Compressor (Co), and the pressurized Hydrogen (H2) Storage
(St). Thereby the optimization tool includes the option to choose either a Proton Exchange Membrane
Electrolyzer (PEMEL) or an Alkaline Electrolyzer (AEL). The economic evaluation is based on the “VDI
2067” and incorporates Gurantees of Origin (GoO) and the Electricity–Price–Compensation (EPC) as
demonstrated by Schütte et al. (2022) [117]. The optimization tool is implemented and tested with
generic test data to confirm its operation. It can be shown that especially the integrating PtH2 elements
(Ba and St) are sensitive to the resolution Interval (tint).

Subsequently, the optimization tool is applied to a case study which is about a fuel switch at the
production facility of Aurubis where the Anode Furnaces (AF) are supposed to be supplied by H2 instead
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of Natural Gas (NG). This master thesis calculates the resulting H2 reductant demand based on the
NG consumption and sets up an additional electricity price reference scenario based on an Over–the–
Counter (OTC) coal contract. The case study is then analyzed with respect to its sensitivities to the
input parameters, followed by a scenario–based assessment focusing on the LCoH2.

The conducted sensitivity studies show, that the LCoH2 and the FCO2,H2 are not depending on the
chosen resolution interval, whereas the Ba and the St capacities show a Relative Standard Deviation
(StDrel) of about ±48 % and ±6 % for different resolution tint. The analyses are run with resolution
tint of 15 min as this indicates a compromise between the computing time and the trading periods of the
Intraday (ID) spot market. The conducted sensitivity study addressing the specific investment costs, the
H2 production and the parameters related to (energy) storages show that the El parameters have the most
relevant impact on the resulting LCoH2. The efficiency of the El influences the LCoH2 as an increased
efficiency leads to a smaller installed El capacity. Less electric energy has to be converted to yield the same
amount of H2. The specific investment costs of the El play a major role next to the efficiency. Increasing
costs lead to a smaller El and a higher LCoH2. The smaller El is compensated with a larger St unit
and increased Annual Full Load Hours (AFLH). Moreover, the El minimal load (Elmin) influences the
installed St and Ba capacity and forces the PtH2 unit to run the El at all Time–Stamp (TS). An increased
Elmin contributes to the required St and Ba capacity. The increased storage capabilities correspond with
higher LCoH2 and a smaller installed El capacity. Further, the sensitivity studies show that the El load
gradient (ElGrad) and the compression parameters do not influence the resulting LCoH2 nor the PtH2

component dimensions significantly. The implementation of the Ba is highly influenced by the Elmin and
the level of the electricity prices.

The performed energy market and AuxS scenario analyses for the case study show that the LCoH2 are
highly dependent on the design of the scenarios. In the first place, the computed LCoH2 by the optimiza-
tion tool are between 2.78e/kgH2 for 2020 electricity prices and rise up to 11.73e/kgH2 in the year 2022.
The computed values take the EPC and the procurement of GoO into account. The drastic deviation for
different price time–series can be explained by the high relevance of the Operating Expenditures (OpEx)
costs, primarily related to the procurement of electricity. Whereas Capital Expenditures (CapEx) are the
sum of the El, the Gr and the St. A battery is only economically feasible for years with high electricity
prices such as the year 2022 and a high Elmin, although the capacity itself showed a high StDrel. Further,
the analysis shows that the locally produced H2 in the framework of the case study is not competitive with
the direct use of NG and shows ∼2 to ∼5 times higher costs per ton of copper. In addition, this research
determines the excess amount of Oxygen (O2) to be ∼4,378.3 tO2/a and excess heat of approximately
9.0 GWh/a.

Participating at the AuxS can reduce the specific costs of H2 up to 13 % for the energy market time–
series of the year 2021. Whereas the AuxS covers the optimal potential with a number of underlying
assumptions. For example, the simplified participation on the AuxS market in an AuxS pool and the
assumption of averaged prices on the AuxS market although the prices are formed according to the pay–
as–bid principle. The actual reduction potential for an optimal setup might be smaller than indicated by
this optimizing approach. Thus, the expectable cost reductions related to participation are considerably
small.

Taking the CO2–Footprint (FCO2) into account, the locally produced H2 is affected by higher FCO2,H2
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compared to the direct application of NG. Locally sourced PtH2 in a PtH2 unit is only advantageous
if the procured electricity is certified to be renewable by GoO. A combined optimization incorporating
the LCoH2 and the FCO2,H2 shows that there is a tradeoff between the two objectives. Whereas minor
improvements of the FCO2,H2 cause only minor cost increases because the two time–series correlate. A
significant improvement of the FCO2,H2 leads to increased LCoH2. The resulting Carbon Dioxide (CO2)
abatement costs are at least 6 times higher compared to alternative CO2 abatement technologies. Within
the case study, the potential to decrease the FCO2,H2 is limited due to the constrained Gr connection
capacity (≤7 MWEP ).

8.2 Case Study: Recommendations for Aurubis

The performed simulations show that the resulting LCoH2 is highly dependent on the assumed scenario,
with electricity prices having the greatest relevance. Based on the assumptions made within this thesis,
the lowest LCoH2 are computed for inflation–adjusted electricity prices of the year 2020. These would
settle at about ∼3e/kgH2 for spot market prices. The coal–power contract yields higher costs of about
∼5e/kgH2. Based on the assumptions made, the highest LCoH2 is computed for the 2022 electricity
prices which would result in up to ∼11e/kgH2. These values factor in the issued EPC of about 0.26
to 0.95e/kgH2 depending on the observed years (mainly influenced by the respective European–Union–
Allowances (EUA) prices).

To fulfill the constraints of the case study, the optimized El should have a capacity of about 4.31 to
∼5 MWEP for energy–market data in 2019 to 2021. This results in AFLH of about 80 %. The optimization
tool considers large overcapacities and the implementation of a Ba only for the year 2022 which experienced
high electricity prices. Note that a sensitivity study shows that especially the Ba capacity depends on
the resolution tint and shows a StDrel of ∼48%. The optimized storage capacities are between 0.81 and
1.42 tH2 for all scenarios except 2022. The Co unit has a maximal capacity of about ∼90 kgH2/h. The
storage values and the mass flow to be compressed increase in the 2022 scenarios. The AEL scenarios
result in slightly reduced LCoH2 compared to the PEMEL scenarios due to the higher Elη and lower
specific investment costs. The conducted sensitivity study shows that these two parameters, the Elη and
the El investment costs, are the most relevant parameters in regard to the LCoH2. An increased Elmin

emphasizes the implementation of a Ba and shows a proportionate trend with respect to the LCoH2.
Parameters related to the storage of electric energy or H2 in a pressurized storage show only minor effects
on the resulting LCoH2.

The participation at the aFRR markets could decrease the LCoH2 by a factor of up to ∼13 % for
the 2021 energy markets’ scenarios. The reductions for Frequency Containment Reserve (FCR) and the
other observed years are smaller. Whereas the assumptions made in this thesis might overestimate the
potentials, for example, due to the assumed participation in a AuxS pool and the focus on the capacity
markets. The optimization tool concludes that especially the installed El, St and Gr capacities increase
when participating in the AuxS markets. Consequently, an optimal sized PtH2 unit can contribute to
reduced LCoH2 only in a limited way. Nevertheless, an oversized PtH2 unit could make better use of the
AuxS markets.

Compared to the currently used NG, the implementation of H2 in the AF of the case study is eco-
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nomically not feasible. The prices per ton of copper are increased by the factor of up to ∼6, even with
the EPC. The same holds for the environmental assessment, which shows that the FCO2 related to the
consumption of the reductants increases by a factor of at least ∼3 to ∼6. Due to the procured GoO, this
effect does not have to count on the balance sheets. The optimization of the PtH2 unit with respect to
an environmental objective based on the FCO2,H2 results in LCoH2 of up to 10e/MWhH2 which leads to
higher CO2 abatement costs compared to alternative measures.

8.3 Consequences

The production of H2 for an onsite PtH2 unit is economically not competitive compared to the currently
used NG, which is ∼2 to ∼5 times less expensive. Consequently, political measures have to be in place
to decrease costs related to electrolysis. This thesis emphasizes the introduction of incentives for CO2

neutral production. This includes the call for higher EUA prices in order to make the consumption of
fossil fuels less economically feasible. In addition, political measures such as the Carbon–Contracts–for–
Difference (CCfD) discussed by the German Energy Agency need to be put in place to compensate for
the additional costs and reduced competitiveness related to the CO2 neutral production [27].

H2 based on electrolysis is only environmentally reasonable on the balance sheet by the procurement of
GoO as the FCO2,H2 based on the electricity mix is up to ∼6 times higher compared to the direct consump-
tion of NG. An optimized dispatch and sizing of PtH2 units with respect to the FCO2 of the electricity
mix involve much higher costs than alternative CO2 abatement technologies. Thus, the decarbonization
of the electricity mix itself must proceed.

Further, a grid serving, flexible demand for electricity has to be stimulated. The current regulation of
standing charges (German: “Netzentgelte”) penalizes flexible operation. This does not favor the flexible
procurement of electricity on spot markets. Although especially electrolyzers are excluded from stand-
ing charges, industries are reluctant to increase their demand–side flexibility which is required for the
integration of renewable energy [57], [68].

8.4 Further development options

The optimization tool can be extended in its functionality in several ways. In the first place, more
technical units could be implemented in the optimization tool. Such as a high–temperature Solid Ox-
ide Electrolyzer (SOEL) connected to excess heat from possible industry partners to analyze whether
alternative El technologies are beneficial. Further, additional consumers could be implemented such as
Direct–Air–Capture units, heat pumps or others that consume the excess (low–temperature) thermal en-
ergy or the excess O2 of a PtH2 unit. A special remark is made on the scheduling of the H2 demand itself.
Although the scheduling of the demand might interfere with the production constraints of the industry
partners, an elaboration of the degrees of freedom yielding in an optimized demand schedule can be of
economic and environmental interest.

In the second place, the representation of the technical units could be enhanced to represent their real
behavior more closely. This could include the degradation of the El stack or the interaction of the El
outlet–pressure and the El efficiency, as assessed by Tjarks (2017) [133]. In addition, the battery lifetime

Page 94



Nicolas Neubauer Master Thesis

could be made dependent on the charging cycles. All adjustments should be assessed in perspective of
their sensitivity and put in contrast to the deviated computing effort. As the resulting values are highly
dependent on the input parameters, it is recommended to update the respective data continuously in the
third place. To increase the significance of the results, technical offers from component suppliers could be
requested and implemented into the tool. In the fourth place, the scope of the objective functions can be
extended to reflect more parameters than the LCoH2 and the FCO2,H2. For example, technical parameters
such as reduced degradation (indicated by charging cycles or load changes) can provide further findings.

To increase the comparability of the results, additional regulative aspects could be represented in
the tool in the sixth place. An extended optimization tool could for example assess the implications
due to the delegated act based on the Renewable Energy Directives issued by the European Commission
to certify the origins of H2 [41]. Alternatively, CCfD such as those mentioned above could be added
to the optimization tool. The optimization tool results themselves could be enhanced by assessing the
resolution dependency of the computed PtH2 element capacities. Further, the significance of the AuxS
assessment could be increased by implementing the Non–Negative–Integers (NNI) variables which might
lead to increased computing times. To close, the importance of projections and scenario–based forecasts
are highlighted. The implementation of forecasts could furthermore increase the significance of the results
obtained by the optimization tool.
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A Gas composition

The gas composition is taken from the local gas distributor Gasnetz Hamburg GmbH [55]. These compo-
sitions can be used to calculate the actual reduction potential of natural gas (fred in molCu2O/molCH4).
The average values from Gasnetz Hamburg are given in figure A.1. The corresponding values for the gas
composition are summarized in table A.1 and A.2. The first two graphs show the main components of
natural gas. The third graph is about the shares of CO2, N2 and H2. The fourth graph is about the Wobbe
Index, which is an indicator for the volumetric energy flow and is applied to characterize the natural gas
quality [83].

Figure A.1: Monthly gas composition and the specific averages as dashed lines at standard conditions
in Hamburg plotted next to the Wobbe Index. Own visualization based on measurements provided by
Gasnetz Hamburg [55].

The average x for each ci is calculated according to the formula 1 which includes the sum of the
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monthly concentration of each component xM,ci divided by the number of months.

xav,comp =
tend=45∑

t=1

xM,ci

tend
(1)

Based on the averaged composition xav,comp, given in table A.1 and A.2, the actual ratio formula of
the “natural gas molecule” (C / H / N / O = xC / xH / xN / xO) in mol-% (consumed in Hamburg in
the respective time frame) is calculated. This ratio formula can be calculated by applying formulas 2 to
5.

xC =
all∑
ci

xC,ci (2)

xH =
all∑
ci

xH,ci (3)

xN =
all∑
ci

xN,ci (4)

xO =
all∑
ci

xO,ci (5)

The ratio formula of the NG consumed in Hamburg during the respective time frame is determined
by the equations above. This yields the results shown in equation 6.

xC/xH/xN /xO = 1.041/4.044/0.013/0.015 mol − % (6)

The reaction equation for this is the ratio formula of the “natural gas molecule” is stated in the
following equation 7.

CxC
HxH

NxN
OxO

+ νCu2OCu2O −−→ νCO2CO2 + νH2OH2O + νN2N2 + νCuCu (7)

The stochiometric factors ν for the components of natural gas are derived from the ratio formula in
equation 6 by applying individual balances. The determination of the missing factors for equation 7 of
are shown in the following equation 14. The variable element in equation 7 is the νCu2O copper oxide.
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Product side : (8)

νCO2 = xC (9)

νH2O = xH

2 (10)

νN2 = xN

2 (11)

νCu = νCu2O

2 (12)

Educt side : (13)

νCu2O = 2 · νCO2 + 1 · νH2O − xO (14)

The considerations explained in equations 1 to 14 yield to the reaction equation 15. With this equa-
tion, the actual reducing factor can be determined by dividing the stochiometric factor of the copper
oxide by the stochiometric factor of natural gas which is one in this case. Therefore, the reduction
potential of natural gas consumed in Hamburg during the respective time frame is reducing factor
fred = 4.094 molCu2O/molCH4 .

C1.044H4.044N0.013O0.015 + 4.094Cu2O −−→ 1.044CO2 + 2.022H2O + 0.013N2 + 2 · 4.094Cu (15)

To calculate the CO2–exhaust caused by burning the gas, a similar approach can be used. The reaction
equation 16 is set up with the ratio formula for natural gas reacting with oxygen.

C1.044H4.044N0.013O0.015 + 4.094
2 O2 −−→ 1.044CO2 + 2.022H2O + 0.013N2 (16)

Literature data such as the German federal office for economics determined an average CO2–exhaust
factor for natural gas to be 201.0 gCO2/kwh [8]. Transforming the CO2–value of equation 16 to the same
unit, a CO2–factor of 201.2 gCO2/kwh is derived which fits the literature data. The averaged LHV of the
NG discussed in this is calculated to be 10.20 KWh/m3

NG or 13.39 kWh/kgNG as shown in table A.2.
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Table A.1: Measurement values provided by Gasnetz Hamburg in vol–% [55]. Note that
the components Butan and Pentane are displayed as the sum of their isomers. The full
data is available in the digital appendix

CO2 N2 H2 Methane Ethane Propane Butane Pentane Hexane
2019-01 0.726 0.462 0.000 95.031 3.456 0.224 0.082 0.011 0.013
2019-02 0.570 0.495 0.000 95.565 3.141 0.139 0.071 0.011 0.014
2019-03 0.538 0.548 0.000 95.559 3.107 0.149 0.073 0.012 0.016
2019-04 0.655 0.430 0.000 95.262 3.386 0.165 0.080 0.012 0.014
2019-05 0.541 0.381 0.000 95.719 3.156 0.122 0.067 0.009 0.012
2019-06 0.872 0.657 0.000 94.297 3.726 0.303 0.109 0.018 0.014
2019-07 0.621 0.481 0.000 95.358 3.252 0.184 0.081 0.013 0.016
2019-08 0.720 0.537 0.000 94.952 3.423 0.239 0.096 0.017 0.017
2019-09 0.750 0.506 0.000 95.020 3.461 0.172 0.071 0.010 0.013
2019-10 0.581 0.602 0.000 95.371 3.184 0.164 0.074 0.011 0.015
2019-11 0.413 0.505 0.000 96.150 2.723 0.130 0.069 0.008 0.012
2019-12 0.511 0.458 0.000 95.817 3.069 0.081 0.057 0.006 0.011
2020-01 0.605 0.575 0.000 95.160 3.331 0.203 0.096 0.018 0.019
2020-02 0.605 0.521 0.000 95.093 3.370 0.266 0.112 0.027 0.021
2020-03 0.549 0.466 0.000 95.491 3.204 0.172 0.087 0.016 0.018
2020-04 0.679 0.601 0.000 94.763 3.515 0.281 0.123 0.026 0.021
2020-05 0.648 0.596 0.000 94.949 3.408 0.243 0.115 0.023 0.020
2020-06 0.585 0.547 0.000 95.166 3.298 0.258 0.106 0.020 0.016
2020-07 0.632 0.471 0.000 95.032 3.457 0.265 0.108 0.024 0.013
2020-08 0.732 0.585 0.000 94.660 3.613 0.265 0.112 0.024 0.020
2020-09 0.529 0.627 0.000 95.487 3.032 0.212 0.092 0.016 0.015
2020-10 0.511 0.524 0.000 95.541 3.107 0.209 0.086 0.013 0.014
2020-11 0.465 0.429 0.000 95.785 3.029 0.190 0.079 0.012 0.014
2020-12 0.685 0.464 0.000 95.057 3.515 0.182 0.072 0.012 0.014
2021-01 0.938 0.810 0.000 93.349 4.173 0.515 0.161 0.027 0.023
2021-02 0.669 0.549 0.000 95.054 3.372 0.242 0.089 0.014 0.014
2021-03 0.606 0.800 0.000 94.563 3.492 0.368 0.126 0.023 0.013
2021-04 0.605 0.573 0.000 95.023 3.380 0.286 0.101 0.017 0.014
2021-05 0.681 0.554 0.000 94.882 3.454 0.296 0.100 0.017 0.015
2021-06 0.909 0.760 0.000 93.470 4.182 0.482 0.146 0.024 0.021
2021-07 0.985 0.665 0.000 93.246 4.446 0.472 0.140 0.023 0.021
2021-08 0.913 0.715 0.000 93.771 4.144 0.323 0.104 0.016 0.016
2021-09 0.576 0.586 0.000 95.545 3.011 0.187 0.077 0.012 0.012
2021-10 1.086 0.899 0.000 92.702 4.465 0.624 0.171 0.029 0.021
2021-11 1.011 0.836 0.000 92.969 4.332 0.617 0.178 0.031 0.022
2021-12 1.143 0.883 0.000 92.222 4.672 0.800 0.217 0.038 0.024
2022-01 1.307 1.104 0.000 91.012 5.296 1.051 0.272 0.044 0.026
2022-02 1.405 1.080 0.000 90.280 5.511 1.152 0.326 0.057 0.032
2022-03 1.676 1.092 0.000 89.445 6.146 1.246 0.315 0.053 0.024
2022-04 1.601 1.149 0.001 89.575 6.003 1.256 0.324 0.054 0.031
2022-05 1.434 1.177 0.000 89.801 5.836 1.295 0.349 0.063 0.038
2022-06 1.334 1.183 0.000 90.307 5.383 1.256 0.400 0.079 0.047
Average 0.800 0.664 0.000 94.131 3.816 0.412 0.136 0.024 0.019
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Table A.2: Calculated values based on the measurements provided by Gasnetz Hamburg
[55]. The standard density is considered to be at 0 ◦C and 1.013 bar.

Standard Density in kg/m3 Wobbe Index kWh/m3 Lower Heating Value (LHV) in kg/kWh
2019-01 0.756 14.768 10.185
2019-02 0.751 14.775 10.156
2019-03 0.751 14.774 10.156
2019-04 0.754 14.781 10.180
2019-05 0.751 14.800 10.166
2019-06 0.762 14.717 10.196
2019-07 0.753 14.779 10.172
2019-08 0.757 14.758 10.184
2019-09 0.756 14.746 10.168
2019-10 0.752 14.758 10.154
2019-11 0.747 14.794 10.134
2019-12 0.749 14.785 10.144
2020-01 0.754 14.772 10.179
2020-02 0.755 14.789 10.202
2020-03 0.752 14.795 10.179
2020-04 0.759 14.769 10.204
2020-05 0.757 14.767 10.192
2020-06 0.755 14.788 10.193
2020-07 0.758 14.797 10.210
2020-08 0.759 14.758 10.201
2020-09 0.752 14.766 10.158
2020-10 0.751 14.791 10.171
2020-11 0.749 14.817 10.176
2020-12 0.755 14.774 10.186
2021-01 0.771 14.719 10.257
2021-02 0.756 14.762 10.181
2021-03 0.760 14.757 10.205
2021-04 0.756 14.783 10.197
2021-05 0.757 14.772 10.199
2021-06 0.770 14.731 10.255
2021-07 0.772 14.741 10.274
2021-08 0.769 14.712 10.218
2021-09 0.751 14.755 10.146
2021-10 0.777 14.689 10.275
2021-11 0.774 14.715 10.280
2021-12 0.782 14.714 10.329
2022-01 0.794 14.711 10.402
2022-02 0.793 14.681 10.424
2022-03 0.808 14.667 10.469
2022-04 0.800 14.682 10.435
2022-05 0.799 14.704 10.445
2022-06 0.799 14.695 10.438
Average 0.764 14.753 10.230
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B Case Study: Standard H2 demand

Figure B.1: The annual H2 consumption time–series (daily averages) in the case study compared with
the consumption of the standard year 2020. Note that the values for 2022 are only present in parts, the
missing data is interpolated.
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C Power system data

Figure C.1: Visiualization of NaN treatment by interpolation and average fill on the example of the FCR
time–series.

Figure C.1 visualizes the interpolation applied to the FCR time–series data. In addition, an alternative
method is shown which fills NaN with the global mean. This graphical plot should represent the interpo-
lation applied to all the time–series data. Note, that the visualization does not achieve optimal results.
This can be clearly seen in the time–series covering 2022 where the price spikes are completely ignored by
the interpolation function. Although there are issues with the interpolation, the function is applied as it
is the best alternative to the global mean.
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Figure C.2: Correlation between the auction results for AuxS and the spot market price for all observed
years based on data from the BNetzA and EPEX [38], [47].

The figure extends the discussion of section 4.3.4 which aims to find a correlation between the AuxS
and the spot market prices.
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D Evaluation of the combined objective (LCoH2 and FCO2,H2)

The subsequent graphs illustrate the optimized timelines resulting from generic test data based on a
MOO approach. The behavior of the optimization tool can be compared to the single–objective approach
analyzed in section 6.2.

Figure D.1: Generic input data for the analysis of the MOO behavior for three different scenarios.

Figure D.2: Graphical evaluation of the results concering the Gr and the Ba dispatch for three defined
test cases with an combined objective (LCoH2 and FCO2,H2, MOO approach).
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Figure D.3: Graphical evaluation of the results concering the El and the Co dispatch for three defined
test cases with an combined objective (LCoH2 and FCO2,H2, MOO approach).

Figure D.4: Graphical evaluation of the results concering the St and the Pr dispatch for three defined test
cases with an combined objective (LCoH2 and FCO2,H2, MOO approach).
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Figure D.5: Summary of the optimization tool results concering the objective values and the PtH2 compo-
nent sizes for three defined test cases with an combined objective (LCoH2 and FCO2,H2, MOO approach).
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E Sensitivities of the resolution interval

The subsequent graphs include the sensitvity analysis of the resolution tint discussed in section 7.1. The
graphs inlude different scenarios for the year 2020 and 2022 and the two El technologies PEMEL and
AEL.

Figure E.1: The sensitivity of the normalized objective values LCoH2 and FCO2 on the primary y–axis
and the corresponding computing time on the secondary y–axis related to the resolution tint (left). The
resulting normalized component sizes (right). Both diagrams are based on an AEL operating in the year
2020. The StDrel is shown in brackets.

Figure E.2: The sensitivity of the normalized objective values LCoH2 and FCO2 on the primary y–axis
and the corresponding computing time on the secondary y–axis related to the resolution tint (left). The
resulting normalized component sizes (right). Both diagrams are based on an PEMEL operating in the
year 2020. The StDrel is shown in brackets.
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Figure E.3: The sensitivity of the normalized objective values LCoH2 and FCO2 on the primary y–axis
and the corresponding computing time on the secondary y–axis related to the resolution tint (left). The
resulting normalized component sizes (right). Both diagrams are based on an AEL operating in the year
2022. The StDrel is shown in brackets.
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F Sensitivities of the economic parameters

The subsequent graphs include the sensitvity analysis of the economic parameters discussed in section 7.2.
The graphs inlude different scenarios for the year 2020 and 2022 and the two El technologies PEMEL and
AEL.

Figure F.1: Sensitivity of the optimization tool results in respect to an economic objective with regard
to individual varied specific investment costs of the PtH2 elements. Based on the year 2020 and an AEL
system.
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Figure F.2: Sensitivity of the optimization tool results in respect to an economic objective with regard to
individual varied specific investment costs of the PtH2 elements. Based on the year 2020 and a PEMEL
system.

Figure F.3: Sensitivity of the optimization tool results in respect to an economic objective with regard
to individual varied specific investment costs of the PtH2 elements. Based on the year 2022 and an AEL
system.
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G Sensitivities of the technological parameters

The subsequent graphs include the sensitvity analysis of the technological parameters discussed in sec-
tion 7.2. The graphs inlude different scenarios for the year 2020 and 2022 and the two El technologies
PEMEL and AEL.

Figure G.1: Sensitivity of the optimization tool results for an economic objective with regard to the
technical parameters of the El such as the Elmin, the ElGrad and the efficiency El∗η based on the LHV.
Incorporating an AEL and electricity prices of the year 2020.
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Figure G.2: Sensitivity of the results incorporating an economic objective with regard to the technical
parameters of the compression stage covering the in and output pressures of the Co, its efficiency Coη and
the output temperature of the El. In addition, the Baη is analyzed. Incorporating an AEL and electricity
prices of the year 2020.
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Figure G.3: Sensitivity of the optimization tool results for an economic objective with regard to the
technical parameters of the El such as the Elmin, the ElGrad and the efficiency El∗η based on the LHV.
Incorporating a PEMEL and electricity prices of the year 2020.
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Figure G.4: Sensitivity of the results incorporating an economic objective with regard to the technical
parameters of the compression stage covering the in and output pressures of the Co, its efficiency Coη

and the output temperature of the El. In addition, the Baη is analyzed. Incorporating a PEMEL and
electricity prices of the year 2020.
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Figure G.5: Sensitivity of the optimization tool results for an economic objective with regard to the
technical parameters of the El such as the Elmin, the ElGrad and the efficiency El∗η based on the LHV.
Incorporating an AEL and electricity prices of the year 2022.
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Figure G.6: Sensitivity of the results incorporating an economic objective with regard to the technical
parameters of the compression stage covering the in and output pressures of the Co, its efficiency Coη and
the output temperature of the El. In addition, the Baη is analyzed. Incorporating an AEL and electricity
prices of the year 2022.
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H Scenario analysis

The subsequent figures are listed to extend section 7.2. This includes a discussion of the H2 demand
influence and the results of the performed analysis.

H.1 Influence of the H2 demand

Figure H.1: Sensitivity of the H2 demand time–series and the energy market price time–series
based on a PEMEL system participating at the ID market including EPC and GoO.

Figure H.1 analyzes the influence of the H2 demand in different years. It shows, that the most
significant influence on the LCoH2 are the energy–market prices varied at the x–axis in the plot. However,
the H2 demand time–series influence the obtained results. For example, the calculated LCoH2 for the
energy–market in 2019 and different H2 demands, varies between 3.67 to 4.10e/kgH2. These differences
are expected to result from the different downtime periods experienced in the respective year. The tool
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is influenced by whether times of high prices are skipped by a production downtime (for example due to
maintenance). Based on these results, the thesis concludes that a standard year has to be considered to
allow an appropriate discussion of different energy market (price) scenarios.

H.2 Energy markets analysis

Figure H.2: Global results of the scenario analysis focusing on the energy markets incorporating a coal–
power contract and the DA and ID markets. The AEL and PEMEL are considered without participation
at the AuxS markets.
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Figure H.3: Comparision of three AEL based scenarios in 2021 with the specific electricity prices, the
dispatch of the El and the SOC of the H2 St. The price time–series are retrieved from EPEX among
others [38], [78], [79].
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H.3 AuxS markets analysis

Figure H.4: Comparision of three AEL based scenarios in 2021 with the specific electricity prices, the
dispatch of the El and the SOC of the H2 St. The price time–series are retrieved from EPEX among
others [38], [78], [79].
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I MOO analysis

The subsequent figures supplement the MOO approach discussed in section 7.4. The figures inlude the
Environmental weighting factor (fF CO2) and its economic counter part while stating the representive
objective values LCoH2, FCO2,H2 and the corresponding PtH2 component sizes.

I.1 AEL based PtH2 units

Figure I.1: Results of the MOO analysis of the PtH2 unit with an AEL operating at the ID market in the
year 2019.

Figure I.2: Results of the MOO analysis of the PtH2 unit with an AEL operating at the ID market in the
year 2020.
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Figure I.3: Results of the MOO analysis of the PtH2 unit with an AEL operating at the ID market in the
year 2021.

Figure I.4: Results of the MOO analysis of the PtH2 unit with an AEL operating at the ID market in the
year 2022.
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I.2 PEMEL based PtH2 units

Figure I.5: Results of the MOO analysis of the PtH2 unit with a PEMEL operating at the ID market in
the year 2019.

Figure I.6: Results of the MOO analysis of the PtH2 unit with a PEMEL operating at the ID market in
the year 2020.
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Figure I.7: Results of the MOO analysis of the PtH2 unit with a PEMEL operating at the ID market in
the year 2021.

Figure I.8: Results of the MOO analysis of the PtH2 unit with a PEMEL operating at the ID market in
the year 2022.
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J Digital Appendix

The elements to be found in the digital appendix attached to this thesis are listed subsequently. There
are two preliminary notes. The flash drive data contains the optimization tool developed within the thesis
whereas the relevant time–series can only be published partly as the data is considered sensitive. Further,
the optimization results are stored in serialized data which can be extracted with the Python “pickle”
function.

a) Digital version of this thesis

b) Optimization Tool (.py) and time–series data (.csv)

c) Data results of the performed analysis (serialized data)

d) Figures of the technical analysis

e) Figures of the implementation and tests procedure

f) Figures of the obtained results for different scenarios

(i) Sensitivity figures

(ii) Scenario figures

(iii) MOO figures

(iv) Influence of the H2 demand time–series
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