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Abstract

A flexible, resilient, and renewable energy system, where all sectors are coupled via
an integrated energy grid is the key to reach climate neutrality by 2040. The power-to-
gas technology can be such a sector coupling technology by providing short- and long-
term flexibility to the electricity grid by converting electricity into a gas, namely
synthetic methane, which can be fed into the gas grid already today without any
concern and can be seasonally stored in existing gas storage facilities. In order to
produce synthetic methane with hydrogen from an electrolyser, a CO> source is
required. A biogas upgrading plant, which already produces pure CO- as a by-product
can be such a source. Therefore, this thesis will assess the technical and economic
feasibility of a power-to-gas facility in combination with a biogas upgrading plant in
order to produce synthetic biomethane, a renewable gas. This assessment was
conducted as a case study for the biogas plant Bruck/Leitha. Based on a detailed
literature and market review as well as real historic data from the biogas plant
Bruck/Leitha and historic market prices for electricity and control reserve energy in
Austria, the applicable electrolyser and methanation technologies, sizes and economic
input data were gathered for the techno-economic assessment. The results showed, that
even with a 45% investment grant and very low electricity prices (40-50 EUR/MWh),
the long run generation costs (LRGC) of synthetic biomethane are not lower than 100
EUR/MWh and therefore, not economically feasible. It therefore makes sense, to use
the ability of the alkaline or PEM electrolyser and the biological methanation reactor
and provide positive or negative control reserve energy to the electricity grid by
reducing or increasing the electrical consumption of the electrolyser. In this case, also
a liquid CO; storage is necessary to compensate for fluctuations in the biogas
production stream and increase the availability. When participating in the positive
control reserve market, the power to gas plant becomes profitable. The profitability
even increases with increasing electricity prices because the positive control reserve
energy price correlates with the spot market price for electricity. Therefore, a 5 MW
AEL power-to-gas unit with an output of 250 Nm?*h of synthetic biomethane could
generate profits of 375,000 EUR/a with 2020 prices and 1,800.000 EUR/a with 2021
prices when participating in the positive control reserve market. The total production

of synthetic biomethane is then around 8 GWh/a with approx. 3000 full load hours.
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1. Introduction

One of the biggest challenges of the 21 century is dealing with the climate crisis and
therefore changing our whole energy system from a fossil energy-based system to a

sustainable and renewable energy system with net zero greenhouse gas emissions.

The Austrian federal government has legally defined in 2021 the goal of climate
neutrality for Austria by 2040, preferably based on renewable domestic energy
sources, by the renewable expansion act. This task considers the objectives of the
European Green Deal and is based on the legally binding Paris Agreement concluded
in 2015, with the goal of limiting the increase in average global temperature to well

below 2°C compared to pre-industrial levels.

In addition to climate neutrality by 2040, the government also set up the goal of a
100% renewable electricity supply by 2030 within the renewable expansion act. In
order to achieve the 2030 goal, volatile renewable electricity production capacity has
to be increased tremendously. But electrical energy, which comes currently from
approx. 75% renewable sources, has only a share of 15% of total energy demand of
Austria, whereas fossil fuels have a share of approx. 66%. The substitution of the
natural gas demand (approx. 90 TWh in 2019) is already a very challenging task by
itself. Therefore, also the goal of reaching 5 TWh of domestic renewable gas

production was set up in the renewable expansion act. (Statistik Austria, 2021)

In a future renewable energy system, where highly volatile electricity production from
solar power and wind power requires a flexible electricity system with day-to-night
short-time storage capacities and summer-to-winter seasonal storage capacities, sector
coupling and a highly flexible and easy-to-store energy carrier is indispensable for

security of supply.

This is where renewable gases such as green hydrogen and biomethane come into play.
With highly flexible electrolysers, imbalances in the electricity grid due to volatile
production can be compensated in the short term by producing hydrogen as well as the
seasonal shift from summer to winter can be achieved with the produced hydrogen,
which is then stored in large underground gas storage facilities, when a hydrogen

infrastructure is becomes available.
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In addition to that, biomethane as well as synthetic methane can substitute the natural
gas easily and already today by using the existing infrastructure like the gas grid, gas
storage facilities and the end user installations and therefore can reduce greenhouse

gas emissions effectively already in the short term.

Unfortunately, out of 300 biogas plants in Austria producing approx. 2 TWh of biogas,
only 13 plants upgrade the biogas to biomethane and fed approx. 150 GWh per year
into the public gas grid. (AGGM Austrian Gas Grid Management AG, 2021) The
remaining 280 plants produce electricity and heat with a gas engine with a rather low
efficiency, especially when no waste heat can be utilized. Additionally, when
upgrading the biogas to biomethane, the CO> must be removed from the biogas stream

and is currently released into the environment without any further utilization.

This means, biogas plants already have good preconditions to not only produce the
highly flexible energy carrier biomethane to substitute natural gas, but also provide
flexibility to the electricity grid by producing synthetic methane with an electrolyser
in combination with a CO; methanation. With this power-to-gas technology at a biogas
plant, no additional hydrogen infrastructure such as pipelines or storage is required
since the synthetic biomethane can be fed into the existing gas grid. Thus, flexibility
in terms of electrical control reserve energy and an increase of renewable gas
production could be achieved in the short term with a power-to-gas facility at a biogas

plant.

This thesis therefore will address the question, how such a power-to-gas facility should
look like from the technical point of view, which electrolysis and methanation
technology fits best to a biogas plant and how it can be integrated in the biogas
production and upgrading process. Furthermore, also the economics are addressed in
detail in order to find out how and if such a power-to-gas facility can generate profits.
Dimensioning the power-to-gas facility and the economic assessment was done using
real historical data from the biogas plant Bruck/Leitha in Austria. Because of this, the
results also give the biogas plant owner a first indication if an investment makes sense

in terms of feasibility and profitability.

Based on a profound literature review, which is presented in chapter 2, on electrolysis
and methanation technology the advantages and disadvantages for the power-to-gas

application of alkaline, PEM and high temperature electrolysers as well as catalytic
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and biological methanation are illustrated. The input data for the economic evaluation
such as available stack and reactor sizes, capital costs, operating costs, efficiencies,
lifetime, energy demand were determined by market research about state-of-the art

technology combined with literature data.

The techno-economic assessment was carried out by comparing several different
electricity price scenarios as well as scenarios where the electrolyser offers control
reserve energy. The sensitivity on capital costs was addressed by also comparing three
capital costs cases representing the range found in the literature. The results of each
scenario in terms of long-range generation costs of synthetic biomethane are presented

in chapter 5.
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2. Background information on technology

This chapter will give the reader an overview of state-of-the-art technology regarding
biomethane production, power-to-gas technology such as water-electrolysis and CO»-
methanation. Furthermore, a brief overview will be given concerning electricity

markets and control energy.
2.1. Biomethane technology

21.1. Biogas production

Biogas is formed in an anaerobic digestion process where organic matter is

decomposed by bacteria in four biochemical processes:

Substrate CH,
Hydrolysis |:> Acidogenesis |:> Acetogenesis |:> Methanogenesis |:> H,0
Water

Fragments and co, €O,
dissolved H, CH,CO0H
polymers Alcohol -OH

Fatty acid -COOH
Acetic acid CH,COOH

CO,+4 H, = CH, + H,0
CH,CO0H = CH, + €O,

Figure 1: Process of Biogas production (Watter, 2019, p. 233).

During hydrolysis, the biopolymers are broken down into monomeric fragments or
other soluble degradation products. Fats are broken down into fatty acids,
carbohydrates (e.g., polysaccharides) into mono- or oligosaccharides and proteins into
peptides and amino acids. These reactions are catalysed by anaerobic microorganisms,
which hydrolyse the reactants by means of excreted exoenzymes. This step is due to

the complexity of the starting material speed determining (Watter, 2019, p. 233).

The acidogenesis takes place simultaneously with hydrolysis. During this phase the
monomeric fragments are converted, on the one hand, into lower fatty-/carboxylic
acids such as butyric acid, propionic acid and acetic acid. On the other hand, into lower
alcohols such as ethanol. At this conversion step, the anaerobic microorganisms gain
energy for the first time and already up to 20% of the total acetic acid is formed

(Watter, 2019, p. 233).

The Acetogenesis is the third stage of the anaerobic degradation during fermentation.
In this process, the lower fatty-/carboxylic acids and lower alcohols formed during

hydrolysis and acidogenesis are primarily converted by acetogenic microorganisms to

4
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acetic acid or its dissolved salt, the so-called acetate. This stage of anaerobic
degradation can be regarded as "specific organic acid formation" (Watter, 2019, p.

234).

In the last phase, the so-called methanogenesis - the acetic acid is converted into
methane by acetoclastic methane forming bacteria. About 30% of the methane is
formed from hydrogen and carbon dioxide. What remains is a mixture of organic
material that is difficult to degrade, for example lignin and inorganic substances such
as sand or other mineral substances, the so-called digestate. This digestate be used as
fertilizer since it still contains all trace elements and additionally almost all the

nitrogen of the substrate in a bioavailable form (Watter, 2019, p. 234).

Biogas can be produced from several different kinds of biomass feedstocks such as:

— Economic grassland

Grass —
L extensive grassland
— Maize
— Cereals
Energy crops e Short-rotation wood
Intercrops — Miscanthus
— Energy grain
Cereal straw
— Straw Maize straw
Rape straw
— Plant remains — Beet leaf
— Farm manure — Food production
— Luxury food production
Residual materials —
— Feed production
— Waste food industry —
—  Production of vegetable oils
— Food waste in residual waste i X
_ Processing and refinement of
5 plant products
— Kitchen and food waste
— biogenic residues — —  Meat and milk processing
— Green waste
— Sewage sludge
— Biowaste bin material

— Home garden compost

Figure 2: Biomass feedstocks for biogas production (Kranzl & Haas, 2008, p. 219) (Lindorfer, et
al., 2017, p. 3).

Depending on the feedstock, biogas can consist of following molecules and

concentrations:



Table 1: General composition of biogas (Koonaphapdeelert, et al., 2020, p. 2).

Biogas Composition Concentration levels

Methane 50 — 80% vol.
Carbon dioxide 20 —50% vol.
Ammonia 0—-300 ppm
Hydrogen sulphide 50 — 5000 ppm
Nitrogen 1 —4% vol.
Oxygen <1% vol.

Moisture (H20) saturated 2 — 5% by mass

2.1.2. Biogas Upgrading

In order to inject the produced biogas into the public gas grid in Austria, requirements
according to the technical regulation OVGW G B210 (Table 2) have to be fulfilled.
Therefore, it is necessary to clean, dry and upgrade the biogas to biomethane, where
the levels of carbon dioxide, hydrogen sulphide, ammonia etc. are reduced and thus

increasing the quality.

Table 2: Requirements on gas quality in Austria for local grid injection at Standard conditions
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25/0 (OVGW, 2021).

Min Max. Unit
Sulphur - 21 mg/m?
Hydrogen sulphide - 5 mg/m3
Mercaptan sulphur - 6 mg/m3
Oxygen - 0.001% or 1%* mol/mol
Carbon dioxide - 2,5% or 4%* mol/mol
Carbon monoxide - 0,1% mol/mol
Ammonia - 10 mg/m?
Amine 10 mg/m?
Nitrogen - 5% mol/mol
Methane number - 85
Wobbe-Index 13.25 15.81 kWh/m?
Calorific value 9.37 13.23 kWh/m?
Relative density 0.555 or 0.5%* 0.7 -
Hydrogen - 10% mol/mol

*) However, where it can be proven that the gas does not flow to facilities that are sensitive to higher

concentrations, such as underground storage facilities, a higher limit may be applied.




Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

*#%) If it can be ensured that the K-number calculation (e.g., according to ONORM EN ISO 12213)

complies with the legal requirements, the limit value of 0.5 can be applied.
Hydrogen sulphide can be removed by several methods listed in Table 3.

Table 3: Hydrogen sulphide removal methods (Koonaphapdeelert, et al., 2020, p. 18).

Method Removal Capital cost Operating cost | Complexity
efficiency

Biological removal Moderate Moderate Low Moderate
Iron chloride dosing | Moderate Low Moderate Low

Water scrubbing High High Moderate High
Activated carbon High High Moderate Moderate
Iron sponge method High Moderate Moderate Moderate
NaOH scrubbing High Moderate High Moderate

Water vapor or moisture can be reduced by refrigeration, thus cooling the biogas below
its dew point temperature in order to condense the moisture. Usually followed by
removing liquid water in a knock-out vessel before reheating the biogas to ensure no

condensation inside the upgrading equipment (Koonaphapdeelert, et al., 2020, p. 21).

The ammonia content can be removed by condensation drying using the effect of
dissolving. Also, water absorption can remove both moisture and ammonia. Another
method could be the use of a gas wash dryer in cases with high ammonia

concentrations (Koonaphapdeelert, et al., 2020, p. 21).

In order to reduce the CO» content, several methods can be applied:

Table 4: Biogas pre-treatment methods (Koonaphapdeelert, et al., 2020, p. 21).

Method Containments
Removed Partially removed Not removed

Water scrubbing CO, VOC, H,S, NH3 02, N,, Hy, H,O
Amine scrubber CO, VOC, H,S, NH3 02, N,, Hy, H,O
Membrane COy, Oz, HsS (low) H,S, H»0, H; VOC, NH3s, N»
Pressure Swing Absorption | CO, N,, H,O VOC, NH3, H»
Other physical scrubber CO, VOC, H,S, NH; 0,, N,, Hy, H,O
Cryogenics CO, VOC, H,S, NH3 02, N2, Hz, H20O
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In amine or carbonate scrubbing process, the gases are purified by a scrubber. There,
the CO; is separated by absorption by finely dispersed amine droplets. In a second
step, the amines or the hydrogen carbonates are thermally expelled into a stripper so
that the CO» is again present in concentrated form. The scrubbing substance can then
be reused. In the amine scrubber, CO; is absorbed by the amine droplets at 27°C, and
expelled at 150°C. In the carbonate scrubber, absorption occurs at about 40°C and
desorption at 105°C. The carbon dioxide separation rate is about 90%. The high
temperatures required for desorption lead to a reduction in efficiency of the whole

system of about 10% (Watter, 2019, p. 240).

In pressure swing adsorption, the biogas is compressed to 4 to 7 bar. Water, carbon
dioxide and hydrogen sulphide accumulate on activated carbon, zeolites or molecular
sieves. The stable, more inert methane molecule passes through the adsorber (Watter,

2019, p. 240).

In pressurized water scrubbing, the easily soluble CO, dissolves in the water as the
pressure increases. Gases generally tend to dissolve in liquids under pressure
(absorption). This process usually works with a pressure of 5 to 20 bar. After the
scrubber, dehumidification by cooling and falling below the dew point temperature or

alternative drying processes is necessary (Watter, 2019, p. 241).

The Membrane technology takes advantage of the different sizes of gas molecules.
COz molecules are smaller than methane molecules. Therefore, the CO2 can penetrate
the micropores of the polymer membrane. Methane collects on the high-pressure side,
while the unwanted components of the biogas such as CO,, hydrogen, oxygen, or low
contents of HaS pass through the membrane. This method usually works with pressures

of about 5 — 16 bar (Watter, 2019, p. 242).

2.2. Power-to-Gas Technology

Power-to-Gas refers to the conversion of electrical energy into chemical energy.
Electrical energy, preferably produced by renewable energy sources such as wind
power, solar power or hydro power for example can be converted into hydrogen by
electrolysis. This green hydrogen, when produced from renewable energy sources, can
be stored in tanks, injected into the gas grid up to several percentage or used directly

in industrial process. Additionally, this green hydrogen can further be converted into
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renewable synthetic methane in the CO2 Methanation process. A source of COz could

be the pure off-gas stream of biogas plants after upgrading.

This renewable synthetic methane can easily substitute natural gas by injecting it into
the public gas grid. When injected into the gas grid, the renewable synthetic methane
can be used in all applications connected to the grid, such as industrial process, process
heat, domestic heat, electricity production and it can be stored efficiently over a long-
time (seasonally) in underground gas storage facilities. Therefore, with the power-to-
gas output such as hydrogen or synthetic methane more volatile renewable electrical
energy such as wind or solar can be used due to the ability to store in chemical energy
in large quantities over a long period and thus contribute to the seasonal shift of

renewable energy.

Figure 3 shows the complexity of the power-to-gas process.

F r-1c
Hydragen

H,-supply
- purity

Water
treatment

Nutrients

Feed gas Raw product gas
Methane CH,
Hydrogen H, P e Do |
: Mg Hiy Conversion of CO, and H, to CH,, HydragenH,
Ca bon dioxide CO, | Methanatlon Rea;tgrfs - e P :
- o - eaAs‘urement and Control Systems Carbondioxide CO,
- Meogin Peogin - Auxiliary Systems = a :
i Additional gases (pumps, trace heating, etc.) %ow cogeat
+ - = » Additional gases
(P :

I
g g
g o Purified methane
~g ]
g% 3| (SNG)
& =
3o =] Usage
e w
- pressure
CO,-supply - purity
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Figure 3: Power-to-gas process steps. (Thema, et al., 2019, p. 5)
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2.21. Electrolysis

Electrolysis refers to the process of electrochemical decomposition of a substance by
the application of an electric current. The decomposition is achieved by a redox
reaction, which is forced by the applied current. In water electrolysis, this principle is
applied to the decomposition of water (H>O). During the oxidation at the anode,
elemental oxygen (O>) is formed. The reduction at the cathode leads to the formation
of elemental hydrogen (H>O) according to equation 1 (Tjarks, 2017, p. 5).

k] ]

moly,

1
H,0 < H, + 502 AHp = +285,83 [ Equation 1

AHp Reaction enthalpy

The reaction chambers of the anode and cathode must be separated spatially as well as
electrically in order to be able to carry out the redox reaction in a controlled manner
and movement of ions between the anode and cathode spaces must be possible. The
movement of ions is achieved by an electrolyte, which has insulating properties for
electrons. The electrolysis of water can be carried out with three ionic charge carriers:
hydroxide ions, oxide ions and single charged protons. The cations move from the
positively charged electrode to the negatively charged one, while the anions move the

opposite way (Tjarks, 2017, p. 5).

There are basically three kinds of electrolyzes based on the type of ion transport: (a)
alkaline electrolyzes (AEL), (b) Polymer-electrolyte membrane electrolyzes (PEM)
and (c) High temperature electrolyzes (HTEL) as shown in Figure 4.

a) Hydroxidienen b) Protonen c) Oxidionen
2H,0 H,O H.O H,O
— —_— + +
20+ 2H" o
— A— —
1 1 1
H; Kl Q. H, ED: H; 7 Qs
— B A— - - —

Kathode | 2¢° | Anode Kathode 2¢ | Anode Kathode | 2 Anode

Figure 4: Ion carries in the AEL (a), PEMEL (b) and HTEL (c) (Tjarks, 2017, p. 6).

Classical alkaline electrolysis uses hydroxide ions as charge carriers. An alkaline

liquid is usually used as the electrolyte. Polymer-electrolyte membrane electrolysis is

10
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based on the charge transport of protons. The electrolyte consists of an ion-conducting
polymer membrane. In high-temperature electrolysis oxide ions are transported from
the cathode to the anode. For the electrolyte, yttrium-stabilized zirconium oxide is used

(Tjarks, 2017, p. 6).

The energy input of the endothermic reaction required for water splitting is shown in
equation 1 and corresponds to the calorific value of hydrogen. The reaction enthalpy
AHr is given by the Gibbs-Helmholtz equation and consists of the free reaction
enthalpy AGr (Gibbs potential) and the product of temperature T and entropy ASr
(Graf, et al., 2021, p. 69).

AHgp = AGg + TASg Equation 2

The minimum energy required for water electrolysis that must be supplied by electrical
energy is defined by the Gibbs potential. In combination with the Faraday constant F
and the number of transferred electrons z (equivalent number), the minimum required
cell voltage (also known as reversible cell voltage Vrev) can be calculated according to
equation 3 (Graf, et al., 2021, p. 69).

0 AGY 2372 [k] xmol™"]

Vee = = =123[V Eouation 3
TV zxF 2 * 96485 [C * mol‘l] [ ] quation

%, Reversible cell voltage at standard conditions

AGY  Gibbs potential at standard conditions

The other fraction determined by temperature and entropy can also be supplied as heat
energy. In case of low temperature electrolyzes such as alkaline and PEM electrolyzes,
no or hardly any heat can be absorbed from the environment and therefore the energy
has to be supplied by electrical energy as well. The result is the thermoneutral voltage
Vi which can be calculated according to equation 4. (Graf, et al., 2021, p. 70)

o _ AHR  2858[k] +mol™"]

yo — - — 1,48 [V Equation 4
th = 7% F  2%96485 [C * mol-1] V] quation

V3,  Thermoneutral voltage at standard conditions

AHY Reaction enthalpy at standard conditions

The reversible cell voltage and the thermoneutral voltage shown in equation 3 and 4
vary with changing process temperature. With increasing temperature, the free reaction

enthalpy decreases, and the entropy part increases. Therefore, the reversible cell

11
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voltage decreases as well, and the demand of electrical energy can be reduced. At
temperatures of 800°C, the required electrical energy is reduced by 25% for example.
This thermodynamic advantage is used by the high temperature electrolyzes,

especially when already high temperature (waste) heat is available. (Graf, et al., 2021,
p.71)

Furthermore, the reversible decomposition voltage (V}..,,) depends on the pressure, as
can be derived from the Nernst-equation (equation 5). With increasing pressure, the
reversible cell voltage and thus the required energy. This is because the gas bubbles
formed at the electrodes must apply more force to detach from the electrodes at higher
pressures. However, this has only a minimal effect on the reversible decomposition
voltage e.g. at 298 K the reversible cell voltage increases from 1.23 V at 1 bar to

approx. 1.29 V at 30 bar. (Graf, et al., 2021, p. 71)

1
o RxT p(H,) * p(0,)?
= Vrev *In
z*F p(H,0)

Equation 5

R Gas constant

In the real operation, the reversible state cannot be achieved and losses cannot be
avoided. In order to reach high hydrogen production rates in an electrolytic cell, the
aim is rather to impose as large currents as possible. Due to the unavoidable losses the
real cell voltage is always higher than the reversible cell voltage when an external

current flow is imposed, and the efficiency is reduced. (Graf, et al., 2021, p. 72)
Several following factors influencing the losses in an electrolytic cell:

Ohmic losses R,: The electric flows are opposed by resistances in an electrolytic cell.
which are caused by the ionic resistance of the electrolyte, the internal electrical
resistances of the electrodes, current distributors and bipolar plates, as well as by the
contact resistances at the interfaces of the individual cell components. The ohmic

losses increase in proportion to the current. (Graf, et al., 2021, p. 72)

Kinetic losses 1 4n0de & Ncathode: These occur at both electrodes, due to the velocity-
limited transfer of electrons at the interface of electrode and electrolyte. These losses
generate an overpotential at the electrode, which counteracts the direction of the

reaction. Since at the cathode only two electrons must be transferred for hydrogen
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formation, whereas four electrons must be transferred for oxygen formation at the
anode, the overpotential on the hydrogen side (cathode) is significantly lower than

those on the oxygen side (anode). (Graf, et al., 2021, p. 72)

Mass transportation limitation losses 77,,7;: These losses occur due to restrictions in
the supply or removal of gases and liquids to the electrode. The supply shortage with
reactants reduces the mass transfer at the electrode and if the cell is operated with
constant cell voltage, the current decreases as well. However, when the cell is operated
with a constant current the overpotential must be increased in order to maintain the
mass transfer. The larger overpotential increases the cell voltage in total. Mass
transport limitations occur independently at the cathode and the anode. (Graf, et al.,

2021, p. 73)

A well-known example is the so-called bubble overpotential at gas electrodes in liquid
electrolytes, as they are also used in water electrolysis. Due to increased gas
generation, the gas bubbles displace the electrolyte so that the electrode no longer has
ionic contact. This reduces the effective surface area at the electrode and results in

higher local currents. (Graf, et al., 2021, p. 73)

All these losses result in a higher energy demand for hydrogen production and the
resulting cell voltage V., can be calculated with equation 6. The ohmic losses 2R,
as well as the overpotential (kinetic losses 14, + 1¢o) release joule heat, which is

partly used to cover the heat demand TASy from equation 2. (Graf, et al., 2021, p. 73)
Veeuu = Veev + Nan + Nea + 1% ZRy+ Nyry, Equation 6
[ Current

The ideal electrical efficiency €;4,4; 1s defined by the ideal thermodynamic efficiency
of a galvanic cell according to equation 7. This ideal electrical efficiency defines the
maximum transformation efficiency of an electrolyser cell if it works reversible and
without losses. At standard conditions, &;4,.4; 0f up to 83% can be reached and 17% of
the supplied electrical energy is used to account for the reversible heat loss TASy to
the surrounding, so the cell does not cool down (Graf, et al., 2021, p. 74).

AGg

Eideal = A Equation 7
R

13



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

The real electrical efficiency of the cell is the sum of the voltage efficiency (which
accounts for the ohmic and overpotential losses) and the faraday efficiency (which
accounts for leakage currents, short circuits, cross reactions, permeability processes or
recombination of hydrogen with oxygen). Equation 8 shows that, the higher the cell
voltage, the lower the cell efficiency ¢y. (Graf, et al., 2021, p. 76)

Vi

&y = Equation 8
Vcell

When looking at the system electrical efficiency &ypy with regards to the higher
heating value H/HYV in equation 9, also the power for auxiliary components XPpg,p ;
such as water treatment, compression, conditioning (cleaning and drying) as well as
the efficiency of the AC/DC rectifier ez must be considered. In case of a high
temperature electrolysis, the term Zch_i accounts for the supplied high temperature

heat as well as all other peripheral heat supplies (Graf, et al., 2021, p. 77).

Ty * HHV

€HHY = Equation 9

P i

2=+ ZPopi + Qe
RF

Ppc  Electrical power (direct current)

my, Mass flow of hydrogen

2.2.2. Alkaline electrolysis

The alkaline technology is the oldest electrolysis with industrial applications dating

back 120 years ago and is still dominating today’s market.

The alkaline electrolysis consists of the two half-cells, which are separated by a
diaphragm. The diaphragm is only permeable to hydroxide ions (OH-), but not to the
gases, although mixing of the two product gases can never be completely eliminated.
The two electrodes are made of perforated metal sheets, which usually have a porous
structure on the surface or consist of woven nickel meshes which are coated with an
additional catalyst (ruthenium dioxide) to increase the electrochemical activity. The
electrodes are positioned as close as possible to the diaphragm to minimize ionic
resistance in the cell. Electrical contact is made between the electrodes and the end

plates in a single cell or the bipolar separator plates in a cell stack via the pre-sheets.
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The diaphragm and electrodes are embedded in a cell frame which prevents leakage of

the alkaline electrolyte (Graf, et al., 2021, p. 78).

H2/ /
KOH KOH
=
Fore electrode Anode
(perforated sheet) (mesh)
Spacer /
e — J——
Cathode __H T Half-cell
(mesh) compartment
KOH ¢] |5 KOH
* 9258 %54 ﬁ
Gasket / J I Diaphragm

Figure 5: Alkaline electrolysis cell (Graf, et al., 2021, p. 79).

The alkaline electrolyte, usually 20-40% concentrated potassium hydroxide solution,
flows through the two half cells. A direct current is applied to the two electrodes. In
the gas-water separators, the gases produced are separated from the lye solution and

transported for further processing.
Operational conditions

Alkaline electrolytic cells generally operate at an operating temperature of 70°C to
max. 90 °C with a current density j of 200 - 400 mA/cm? or even up to 600 mA/cm?
with advanced electrodes (Graf, et al., 2021, p. 81).

According to Faraday’s law (equation 10), the current density and the cell size,
determine the hydrogen production capacity per cell.

*My, Equation 10

my, Mass of hydrogen
My, Molar mass of hydrogen
A Active cell area (geometric surface of the electrode)

t Time
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In order to obtain larger production capacities, several cells are therefore connected to
form a cell stack, typically of filter press design. The individual electrolysis cells of a
stack are clamped between two end plates and pressed together with threaded rods.
The active cell area (geometric surface of the electrode) of alkaline electrolysers is
usually between 0.5 and 3.0 m?. and are therefore significantly larger than the cells of

PEM or HT electrolysis. (Graf, et al., 2021, p. 81)

Alkaline electrolysers usually operate under atmospheric conditions. This mean, that
in operation, no pressure is built up in the cell stack and the generated gases only have
to overcome the hydrostatic pressure in the system. But there are also AEL Systems
that have an operating pressure of 15 bar or 30-35 bar on the market. Some Chinese
manufacturers offer already systems with up to 50 bar operating pressure. (Graf, et al.,

2021, p. 82).

The choice of the ideal operating pressure depends on several factors, such as technical
effort versus investment costs and especially the use of hydrogen. On the one hand, a
higher operating pressure causes smaller gas bubbles and therefore the cell thickness
can be reduced and/or the cell size can be increased. In total the system can be more
compact (e.g., smaller gas separators) and the produced gases are under pressure,
which helps with the mechanical compression afterwards or even eliminates it. On the
other hand, the pressure resilient construction and lower gas quality increases
investment costs. Also, the operational dynamics will be affected negatively, and the

on-off procedure will be more complex. (Graf, et al., 2021, p. 83)
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Figure 6: Schematic setup of an alkaline electrolyser without gas cleaning (Graf, et al., 2021, p.

84).
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Figure 6 shows the AEL system. Hydrogen and Oxygen are produced in the
electrolysis stack by the applied current and flow with the lye into the gas separator,
where hydrogen, oxygen and lye are separated by their density difference at deflector
plates. Afterwards, in conventional alkaline electrolysis, the lye streams from the
oxygen and hydrogen fed back into the electrolyser via a pump and cooler. The
merging of the two caustic circuits leads to impurities due to the gases dissolved in the
caustic. Particularly in part-load operation the gas quality decreases, due to the increase
of the ratio of gas dissolved in the recycled electrolyte to the gas produced in the cell
stack. An additional KOH tank is used to maintain the lye concentration. It is also
possible to have systems, where the natural convection by the produced gases replaces
the lye circulation by the lye pump, which decreases the energy demand. However,

this natural convection impairs the system dynamic, especially for starting the process.
(Graf, et al., 2021, p. 83)

After the gas separator, a demister filters small droplets off the hydrogen stream and a
gas scrubber removes the leftovers of the lye with the aid of water. Additionally, a
water treatment and a water tank for uninterruptible water supply, a gas chiller and
dryer to increase gas quality and a compressor and a recirculation cooling unit to gather

the heat can be installed. (Graf, et al., 2021, p. 84)

6.0 | A
cg A M AEL stack (atm)

A AEL stack (press)
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& AEL module (press)
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Electrical Energy Demand / kWh Nm™

Nominal production rate / Nm?® H, h*!

Figure 7: Electrical energy demand of AEL stated by manufacturers (2010-2020). (Graf, et al.,
2021, p. 85)
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Figure 7 shows the electrical energy demand versus nominal hydrogen production rate
according to the manufacturers. It has to be noted, that the system boundaries are not
often clear and therefore comparison is difficult. In general, atmospheric AEL reach a
specific electrical energy demand of 4,1-4,5 kWh/Nm?* (HHV) which equals to 85%
efficiency. An additional hydrogen compression to 30 bar increases the demand by
0,2 kWh/Nm?*. Large pressurized AEL show a specific electrical energy demand of
4,5-5 kWh/Nm* (HHV) due to the electrochemical compression. The larger the
electrolyser, the smaller the difference between atmospheric and pressurized stacks.

(Graf, et al., 2021, p. 85)

Most of the manufacturer indicate a minimum partial load of 20%. Continuous
operation in partial load reduces the gas quality due to the dissolved gaseous impurities
in the recirculated lye feed. This occurs especially during intermittent operation and
increases with increasing operating pressure. This can effectively be minimized by a
complete separation of the lye streams of the oxygen and the hydrogen side and

therefore minimum partial load of 5% could be achieved. (Graf, et al., 2021, p. 86)

In general, AEL cells show a very high dynamic during load changes (within seconds)
if the cells have reached the operating temperature. Therefore, AEL are also possible

to deliver primary and secondary control reserve energy. (Graf, et al., 2021, p. 86)

In general, alkaline electrolysis systems are technically mature and therefore also very
reliable. The most critical component of an alkaline electrolysis system is the cell
stack. AEL pressure stacks with plastic diaphragms reach more than 50,000 h of
operation. As a rule of thumb, a general overhaul every 7-12 years is necessary, where
the electrodes are replaced or reactivated, and the diaphragms are exchanged. Most of
the components such as the bipolar plates can be reused. Conventional alkaline
electrolysers of the Lurgi or Demag type have been in operation for over 20 years in
some cases without opening of the module. Factors, that influence the lifetime
negatively are a high lye concentration, high operating temperature, fast heat up and
cooling down when starting and turning off the system and often on-off operations.

(Graf, et al., 2021, p. 87)
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2.2.3. PEM electrolysis

PEMEL were first developed for military and space travel purposes in the 1960s and
1970s and the commercial breakthrough happened in the 2000s. A PEM electrolytic

cell consists of a membrane electrode assembly (MEA) as shown in Figure 8.
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Figure 8: Schematic assembly of a PEM cell (Graf, et al., 2021, p. 88).

The two half-cells which are separated by the proton-conducting membrane with
acidic properties, which acts as a solid electrolyte in the cell. The membrane is covered
with a catalyst layer which acts as electrodes. Oxygen is produced at the anode and
hydrogen is produced at the cathode. Porous transport layers are pressed against the
electrodes which deliver and dissipate the current. The porous transport layers enable
the supply of water to the anode and that oxygen and hydrogen can dissipate from the
electrodes. A flow field plate is connected to the transport layer for distributing the
water over the whole cell area and dissipating the product gases evenly. The membrane
usually consists of perfluorinated sulfonic acid (PFSA) membranes, such as Nafion®
from Chermours (formerly DuPont) or fumapem® from FuMA-Tech with a thickness
of 50-300 pum. These membranes offer very high proton conductivity, low gas
transmissibility and ideal mechanical and chemical stability, however zero permeation

of hydrogen and oxygen cannot be achieved in real operation, especially when
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operating the cell with different pressures. Typical hydrogen purity qualities at the cell
outlet are 2.8 to 4.0, based on the dry hydrogen. (Graf, et al., 2021, p. 88)

Due to the acidic properties of the membrane, the electrodes must be noble metal
materials. On the hydrogen side, platinum is used as a catalyst and on the oxygen side
iridium is preferred but also ruthenium and their oxides are used. The layers of these
catalysts are only few microns thick. Also, the porous transport layers and the flow
field plates must be made from a corrosion resistant material such as titanium which

is quite cost intensive. (Graf, et al., 2021, p. 90)
Operational conditions

The PEM-cells usually operate between 55 to 70°C with a pressure of approx. 30 to
45 bar. The limitation regarding temperature is the PFSA-membrane with about 80°C.
PEM-cells also can have high current densities of 1.5 to 3.0 A/cm? at cell potentials of
1.7-2.1 V. Due to the use of noble metals as electrodes, the kinetic overpotential losses
are low and the current density mostly depends on the ionic resistance and thus on the

thickness of the membrane. (Graf, et al., 2021, p. 91)

A PEMEL stack usually consists of 50 to 200 cells per stack and is built in a filter
press design. Typical cell areas are nowadays 300 — 1500 cm? with already prototypes
up to 5000 cm? cell area. Since cell thickness is around 2 — 5 mm, PEM stacks are
much more compact with regards to cell number, area and volume compared to AEL
stacks. The electrical power of one PEM stack ranges from 100 kW up to 1.5 MW
currently. (Graf, et al., 2021, p. 93)

The next generation of PEMEL aims to reach 3 MW. By combining several stacks to
modules or arrays, a scale-up to 100 MW or more can be reached. (Graf, et al., 2021,

p. 97)

Figure 9 shows the typical system components of a PEMEL. There two design
approaches, one is the equal-pressure-system, where both sides of the stack operating
with the same pressure and the other is the difference-pressure system, where the
hydrogen side has a different (usually higher) pressure than the oxygen side. The
difference-pressure system requires a more complicated and robust membrane design

to withstand the pressure differential of 30 or more bar. This saves costs and minimizes
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oxygen permeation compared to an equal-pressure-system, where both sides operate

at 30 bar for example. (Graf, et al., 2021, p. 94)
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Figure 9: Schematic setup of PEM electrolyser system with gas cleaning and water treatment
(Graf, et al., 2021, p. 95).

The system is supplied with feed water via a fresh water supply, which must be purified
to the necessary water quality. The water pressure is increased to the pressure of the
anode side by a feed water pump and fed to the process. For cooling the anode circuit,
external coolers are usually used, which dissipate the process heat to the environment.
Lower temperatures are required for cooling the gas streams in order to condense out
as much water as possible from the gas streams. In order to be able to use the hydrogen
for subsequent applications or for storage, it must be dried, and entrained oxygen must
be removed. Oxygen removal is performed by a DeOxo reactor, usually based on a
palladium catalyst. For fine drying, a pressure swing or preferably temperature swing
adsorption is used. To enable a continuous volume flow in the gas purification, a buffer

tank may be connected upstream of this. (Graf, et al., 2021, p. 96)

The specific electrical energy consumption of PEM electrolysis systems decreases
with increasing production rate, although the energy consumption at the stack level
remains almost constant. Specific energy consumption for small systems up to
50 kWae is typically between 6 and 7 kWh/Nm?, for medium systems up to 500 kWe;
below 6 kWh/Nm? and for large systems > 1 MW, around 5 kWh/Nm?, which is like
alkaline electrolysers. (Graf, et al., 2021, p. 97)
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Similar to AEL, the lower operational limit is around 5% of the nominal load due to
gas quality requirements as well as electrical demand of the auxiliary equipment. The
biggest advantage comparted to AEL systems is the separate electrolyte circulation,
which reduces dissolved oxygen on the hydrogen side and vice versa. However,
diffusion over the membrane cannot be prevented completely, which is a function of
partial pressure difference and temperature. Hydrogen quality reaches under normal
operating conditions values of 2.8 to 4.0. Another advantage of the PEM-cell is the
high overload capacity, up to 50% of the nominal current density. The limiting factor
of the system when it comes to overload operations is mostly the rectifier and therefore
a larger and thus more expensive rectifier is mostly used if overload operation is
wanted. During overload operation, the generated heat is increasing rapidly and the
limit of the thermal management in order to stay below critical cell temperature is
reached. Usually overload operation is limited to several minutes up to one hour. (Graf,

etal., 2021, p. 98)

The fast dynamic operation is another advantage. The electrolytic cell shows no lag in
dynamic operation, however the auxiliary equipment such as water pump, liquid-gas
separators show a larger lag. Due to the smaller thermal capacities compared to the
AEL, the intermittent operation is quicker as long as cooling the cell is designed
properly and also the start-up temperature is reached faster. During stand-by, start-up
and shutdown, negative effects, also known from the AEL system, occur in the stack
and system. Diffusion processes across the membrane increase the gas impurities. In
particular, the permeation of hydrogen at higher pressure and the parallel
recombination to water, which occurs at the electrodes or at the recombination layer
are relevant issues. The recombination leads to a pressure decrease in the two half-
cells and can cause mechanical stress, especially at the membrane. After shutdown or
in stand-by, the entire system cools down; during start-up, heating occurs again; this
thermal cycling has a negative effect on the lifetime of various components such as
seals. Start-up from a cold state causes higher cell voltages due to the poorer kinetics
and thus the current must be ramped up; however, PEM electrolysis has advantages

over alkaline electrolysis in that matter. (Graf, et al., 2021, p. 99)

With regards to lifetime, the most critical component is the membrane. Mechanical

stresses due to on-off processes and differential pressure and thinning of the material
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due to radical attacks case the decrease in gas quality and in the end failure of the
membrane due to cracks. Furthermore, the purity of the feed water is essential since
impurities (metal ions) remain as residues on the electrode or penetrate the membrane,
therefore lowering the ionic conductivity, promote radical attack and cause electrical
short circuits. Other degradation effects are titanium embrittlement, corrosion of the
catalyst as well as aging of the seals. All of this can be minimized with the right design
for the specific operational conditions. The technical lifetime for the PEMEL as for
the AEL is defined by the maximum average cell voltage which is determined by the
maximum tolerable power consumption of the stack, where cooling is still possible.
Usually, a 10% increase of power consumption is tolerated until the efficiency is too
low to operate economically. This means, the stack must be replaced or overhauled
since it is out of specification, but it does not mean it is broken or not working anymore

as it would be in the case of cracks. (Graf, et al., 2021, p. 100)

Early military PEMEL reached operating hours of up to 100,000 h and mature PEM
designs reach lifetimes of 10 to 15 years. The stacks itself reach under commercial
operation over 50.000 h. Although, new developments on the market have a lower

lifetime. (Graf, et al., 2021, p. 99)

2.24. High Temperature electrolysis

The high temperature electrolysis (HTEL) which operates at 600 — 1000°C is based on
a solid oxide electrolyte and therefore also called solid oxide electrolysis (SOEL). First
developments date back to the 1970s and research in the last decades was concentrated
on the solid oxide fuel cell, which also helped the SOEL. In the past years also the
SOEL research and development intensified since the technology ready level is still

lower compared to AEL and PEMEL. (Graf, et al., 2021, p. 101)

In order to withstand those high temperatures, ceramics have to be used as cell
materials. Due to the brittle mechanical characteristics of these ceramics, the cell areas
are rather small compared to the AEL or PEMEL. Also, the number of cells which can
be combined to a stack is limited to 10 — 60. Therefore, more stacks (up to 24 stacks)
are numbered up to a module to achieve higher water production rates. (Graf, et al.,

2021, p. 104)
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A simplified system of a possible SOEL arrangement including auxiliary equipment

and high temperature heat integration (process steam) is shown in Figure 10.
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Figure 10: Schematic layout of SOEL system without gas treatment and compression (Graf, et al.,
2021, p. 106).

The heavily insulated hotbox includes the module as well as a heat exchanger
(recuperator) to re-use the high temperature heat of the outlet to heat up the inlet gas-
water mixture stream. In a first step, the water is demineralized and evaporated and
superheated using onsite available the process steam (around 200°C) in the steam
superheater. The superheated steam is fed via a hydrogen/steam mixer into the cathode
recirculation (water steam and hydrogen mixture with 10% H>) and then heated to
almost stack temperature in a recuperator which reduced the reoxidation of the
electrode. Optional additional electrical heater at the entrance of the electrode enables
a faster preheating and therefore more flexible operations. The feed steam will be
decomposed electrochemically up to max. 80% to reduce undersupply of the electrodes
and thus damage. The exit steam is cooled down in the recuperator, water is
recondensed in the gas separator and then sent to the water recycling. The hydrogen is
also removed and sent to gas conditioning. At the anode, also a sweep gas (during start
up, air is used and during continuous operation also pure oxygen can be used) is
circulated to remove the produced oxygen easier and to enable an efficient thermal

management. (Graf, et al., 2021, p. 106)
Operational conditions

Until now, only few systems are operating under real conditions, with the biggest
SOEL system the HyLink200 by Sunfire with 730 kW¢ and 200 Nm?*/h hydrogen
production rate in Salzgitter, Germany. (Graf, et al., 2021, p. 106)
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In the laboratory, the electrical energy demand was around 3.0 — 3.3 kWh/Nm?
hydrogen with temperatures of 800°C. In the smaller field test systems with additional
electrical heating, the electrical energy demand increases to 4.1 kWh/Nm?. In case of
the use of onsite high temperature process heat, the electrical energy demand is

expected to be around 3.7 kWh/Nm?®. (Graf, et al., 2021, p. 107)

A SOEL cell can operate in either an endothermic, autothermic or exothermic mode.
The joule heat created in the cell due to losses depends on the current density. At low
current densities, the cell is endothermic and thus needs external heat and at high
current densities, the additional heat must be removed. The ideal operating point of a
SOEL-cell is autothermic, where the joule heat is equal to the heat required for water
splitting at operating temperature. This enables a homogenous temperature and a very
low temperature gradient between feed and exit stream, which reduces thermal-
induced mechanical tension on the ceramics and thus increases the lifetime. Also, low
part load operation is no problem for a SOEL cell if the thermal management is
properly designed. Also, quick load changes can be achieved by the SOEL cell,
however this quick load changes cause temperature differences and therefore the
already mentioned tensions can cause cracks in the ceramics and lifetime is reduced.
The temperature differences also occur during on and off phases and therefore it is a
rather slow process compared to AEL and PEMEL. To increase the start up speed, a
hot standby can prevent a fast cold start. Usually, SOEL systems operate under
atmospheric conditions because a pressurized system which must withstand such high

temperatures would not be economic. (Graf, et al., 2021, p. 108)

Due to the lower technology readiness level compared to AEL and PEMEL, long-time
operating tests are rare. In general, the lifetime is lower than those of AEL and

PEMEL, especially in dynamic operation. (Graf, et al., 2021, p. 109)

2.3. CO2 Methanation

The conversion of carbon oxides (CO, CO;) by means of hydrogen to methane has

been known by Sabatier and Senderens (1902) since the beginning of the 20th century.

It must be distinguished between the catalytic methanation and the biological
methanation. These two types of methanation principles are further discussed and

compared in this chapter.
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The gas hourly space velocity — GHSV [1/h] of a methanation reactor is the relation
between the total feed gas volume stream into the reactor to the corresponding reactor
volume Normally the GHSV is given for standard conditions. The GHSV defines
under given yield the required reactor volume for a given reactant stream. It has to be
noted, that the reactor volume is sometimes defined as the catalyst volume or as the
actual geometric volume of the reactor, which can differ quite a lot. (Graf, et al., 2021,

p. 163)

2.31. Catalytic Methanation

The direct catalytic methanation of COx is described by two steps. The first step is the
reverse water gas shift reaction (equation 12), where CO is formed, which then reacts
in the CO methanation with H> to CH4 (equation 11). Since the actual reaction
mechanisms in place are not yet identified totally and research is still going on, the
COz methanation can by described by equation 13. It is a strong exothermic hydration

of carbon oxides with the aid of a catalyst. (Graf, et al., 2021, p. 161)

CO + 3H, & CH, + H,0 AHgp = —206.4 [ ] Equation 11
CO, + H, & CO + H,0 AHp = 415 [ ] Equation 12
CO, + 4H, & CH, + 2H,0 AHp = —164.9 [ ] Equation 13

The use of a catalyst reduces the activation energy of a chemical reaction and therefore
the reaction speed and the GHSV will increase. For the catalytic methanation a metal
catalyst is used on a carrier made from SiO», Al,O3, ZrO> or other oxides. The aim of
the carrier is to increase the surface area of the active catalyst. (Graf, et al., 2021, p.

165)

Due to costs and activity as well as selectivity reasons, nickel-based catalysts are
normally used for the CO, Methanation, since they also promote not only the CO
hydration but also the reverse water gas shift reaction. The activity of these nickel
catalysts can be affected by several deactivation processes: (Schmidt, et al., 2018, p.

12)
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Mechanical damage due to blocking of pores or catalyst surface (due to particles in the
gas stream are scoot formation) as well as mechanical abrasion due to erosion

especially in fluidized bed and slurry reactors.

Chemical processes which poison (e.g. sulphur compounds) the catalyst by adsorption

and blocking as well as reactions which production inactive and volatile components.

Thermal deactivation due to very high temperatures caused by sintering of the catalyst

and/or the carrier material and thus reducing the catalyst surface.

In literature four different reactor concepts for the catalytic methanation are discussed.
The main aim the reactor design is to have a sufficient temperature control (dissipate
large amount of specific heat) in the main reactor zone as well as to reach a maximum
methane yield. In general, there are two-phase reactor systems, where the reaction
gases flow directly around a solid catalyst and three-phase reactor systems, where an
additional liquid phase is present to dissipate the heat out of the reactor. (Graf, et al.,

2021, p. 169)
Fixed bed reactors

Fixed bed reactors are widely used in the chemical industry. The reaction takes place
on the surface of a porous catalyst particles, which are introduced into the reaction
chamber as a filling bed. In general, a distinction is made between adiabatically and
isothermal operated reactor systems. In the simplest case, adiabatic fixed-bed reactors
consist of a cylindrical shell in which the catalyst rests loosely on a grid screen and is
flown through axially. For selective reactions limited by thermodynamic equilibrium,
multistage reactor systems with intercooling are usually used to ensure high product
yields. Various technologies, such as vapor recirculation, vapor moderation or kinetic
limiting of the conversion, are known for thermal control measures of the process. In
general, fixed-bed reactors have different temperature levels to optimize both

residence time and conversion rates. (Schmidt, et al., 2018, p. 13)
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Figure 11: Fixed bed reactor types: (left) adiabatic and (right) quasi isothermal (Schmidt, et al.,
2018, p. 14)

In general, the process engineering effort is usually quite high since several reactors
are required and/or recirculation streams must be operated. These concepts are
therefore for plants with a large methane production capacity of 100 MW or more,

which are also not aimed at dynamic operation. (Graf, et al., 2021, p. 170)

Wall-cooled isothermal reactor types allow the thermal process control to be adapted
to the requirements for a maximum degree of conversion. This enables almost
complete conversion in a single reactor stage. By introducing a heat transfer surface
into the fixed-bed fill, the heat generated, can be dissipated during process and
therefore temperature peaks can be minimized. The fixed-bed shell-and-tube reactor
represents the oldest and still predominant representative of the reactor classification.
The catalyst bed is in the individual tubes of the tube bundle, while the heat transfer
medium (e.g., pressurized water, thermal oil, or molten salt) circulates around the tube

bundle through an external heat exchanger. (Schmidt, et al., 2018, p. 13)

Such a molten salt wall-cooled isothermal reactor type is used in the 3.2 MW

methanation plant in Werlte, Germany. (Graf, et al., 2021, p. 170)

Typical fixed bed reactors should operate in a load window between 40% minimum
load and up to 100% maximum load. Overload operation is problematic due to
temperature control issues and usual load change dynamics are with +/- 1% per minute
quite slow compared to electrolysis. Rapid load changes cause high temperature

gradients and dangerous hotspots on the catalyst surface which can lead to
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deactivation. Measures for thermal management could be gas recirculation with

intercooling. (Graf, et al., 2021, p. 176)
Fluidized bed reactors

Compared to fixed bed reactors, a better transfer of the generated heat is achieved by
a fluidized bed reactor, where the reactant gas stream is brought into the reactor at the

bottom and the fine catalyst particles are therefore fluidized and develop the fluidized

bed. (Graf, et al., 2021, p. 171)
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Figure 12: Fluidized bed reactor type. (Schmidt, et al., 2018, p. 15)

The intensive agitation and uniform distribution of the catalyst enables high heat
transfer rates and homogeneous reaction conditions throughout the entire reaction
chamber. A heat exchanger in the fluidized bed enables heat dissipation and thus

creating almost isothermal conditions in the reactor. (Schmidt, et al., 2018, p. 14)

The good heat dissipation also ensures increased tolerance of the reactor to impurities
in the reactant gas stream, especially from upstream gasification processes of solid
biomass for example. If suitable catalysts are selected, unsaturated hydrocarbons can
be hydrogenated in situ as well. Therefore, a fluidized-bed reactor type can be used for
methanation of a synthesis gas from wood gasification. An example would be the

1 MW plant by REPOTEC in Giissing, Austria. (Graf, et al., 2021, p. 171)

The disadvantage of fluidized bed systems is that the high mechanical stress on the
moving catalyst particles can lead to abrasion and discharge of the catalyst from the
reactor as well as corrosion of reactor internals. Another disadvantage is the limited

flexibility in dynamic load operation, since the fluidized bed needs a certain minimum
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gas stream for creating the fluidized bed as well as a maximum stream, so no solids

are brought out of the reactor. (Graf, et al., 2021, p. 172)
Structured reactors

Structured reactor types are basically special isothermal fixed bed reactors which are
liquid cooled from the outside. The reactant gases are flowing through over the catalyst

surface which is coated on a carrier material with very high thermal conductivity.

The advantage of these structured reactors is that the improved heat conduction allows
larger diameters of the individual reaction tubes, which drastically reduces their
number and thus also their cost. Furthermore, the improved heat transfer ensures that
these systems have a significantly increased tolerance to dynamic load changes and
the associated temperature changes, which makes them particularly suitable for power-
to-gas applications. Usually, these reactors have a honeycomb structure made out of

metal or ceramics on which the catalyst is coated. (Graf, et al., 2021, p. 172)

Figure 13: Honeycomb structure of a structured reactor type developed by Montanuniversity
Leoben. (Biegger, et al., 2016, p. 9)

The Montanuniversity Leoben together with Christof Project GmbH developed a
methanation process based ceramic honeycomb catalyst carrier made from Cordierite
which offers high resistance to temperature changes as well as a high heat storage
capacity. The honeycombs are placed in two or more chambers which offers
modulation of the gas stream, and thus 20%-part load operation can be achieved.
Cyclic switching of the chambers keeps their reaction temperature constant. This offers
high dynamic operations, efficient stand-by mode as well as easy scale up. (Biegger,

etal., 2016, p. 7)
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Three-phase-reactors

Three-phase bubble column reactors (suspension reactors) are basically a special form
of fluidized bed reactor in which an additional liquid phase is present in addition to the
solid catalyst and the gaseous reactants. The solid catalyst forms a suspension with the
stable liquid phase under reaction conditions. The main advantage of the liquid phase,
which has a very high heat capacity and conductivity, is the improved heat transfer
properties in the reactor system. to the cooled reactor walls, inbuilt cooling register or

external heat exchanger. (Graf, et al., 2021, p. 173)

Due to the high degree of mixing in the reactor, it can be operated quasi isothermally
and temperature hot spots in the reactor can thus be avoided, which would lead to
catalyst deactivation and limit the conversion via thermodynamic equilibrium. In
contrast to the two-phase fluidized bed with a limited operating window, three-phase
reactors can be operated efficiently in a significantly wider load range. In extreme
cases, e.g., when a pumped liquid circulator is used, the minimum load to operate the
reactor can theoretically be reduced to zero. Together with the high heat capacity of
the reactor material, operation with dynamic load changes, temporary standstill or

intermittent operation under overload is therefore possible. (Graf, et al., 2021, p. 174)

Currently, the only implementation of a bubble column reactor for methanation is the
three-phase methanation plant at KIT's Energy Lab 2.0 in Karlsruhe. The plant delivers
100 kW of methane output and was commissioned in 2019. Initial tests show a highly
dynamic operating behaviour of the reactor with respect to load changes in the reactant
gas and therefore large load changes can be implemented within seconds. (Graf, et al.,

2021, p. 175)

2.3.2. Biological Methanation

The biological methanation is the enzymatic production of methane from hydrogen
and carbon monoxide by microorganisms called Archaea as a catalyst according to
equation 14. Since the usual operating temperature is around 30-70°C, the water is
liquid, and the enthalpy of reaction is therefore lower than for the catalytic

methanation. (Graf, et al., 2014, p. 8)

k
CO, +4H, & CH, + 2H,0 AHp = —253 [m_il Equation 14
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Compared to the catalytic methanation, H>S as well as NH3 are not harmful to the
biological process, in fact they are in limited concentrations (up to 6,3-7,5 mmol/l)

beneficial for the metabolism of the microorganisms. (Graf, et al., 2021, p. 177)

The optimum pH-value for methane production from hydrogen should be between 6.9

to 7.8. (Graf, et al., 2014, p. 9)

Microorganisms are very resilient to pressure and can produce methane in an
environment with constant pH of up to 400 bar. From the process engineering point of
view, pressures up to 20 bar are more realistic though. (Graf, et al., 2014, p. 12) In
general, a higher pressure fosters methane production due to a higher nutrition supply

and there a higher concentration of microorganisms in the reactor. (Graf, et al., 2014,
p. 15)

Since water is present in the liquid state, the gaseous hydrogen must be dissolved in
the liquid phase. The limiting factor therefore is the bad solubility of hydrogen in water
which limits the hydrogen transport to the microorganisms, which are present in the
liquid phase, and the maximum possible equilibrium concentration cannot be reached.
A high hydrogen transport can be reached with large exchange areas as well as a low

transport resistance. (Graf, et al., 2014, p. 14)

In general, the gas hourly space velocity GHSV is much lower than for the catalytic
methanation, therefore the reactors for biological methanation are much larger in order
to reach the same performance. Biological methanation can take place in the common
fermenter of a biogas plant, (in-situ) or in a separate reactor (ex-situ) after

fermentation. (Graf, et al., 2021, p. 178)
In-situ biological methanation

In the in-situ methanation, the hydrogen is brought into the fermenter of the biogas
plant and methanation of CO; happens in parallel to the anaerobic digestion of
biomass. The big advantage is, that existing biogas plants can be used, and no separate
reactor is needed, in case the fermenter is quite hydrogen tight. The disadvantage can
be a negative influence on the anaerobic digestion due to higher hydrogen
concentration in the liquid phase which can hinder certain processes (e.g. degradation
of propionic acid) thermodynamically and can cause acidification. In the worst case it

can stop biological growth and elution of microorganisms. (Graf, et al., 2021, p. 178)
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The biggest challenge of the in-situ methanation is the increase of hydrogen
concentration in the liquid phase, so that most of the hydrogen will be processed to
methane. A simulation (of an in-situ methanation in a fermenter, assuming a mixture
of stirring tank and bubble column reactor, shows that a certain liquid column height

(>15 m) is necessary to increase the hydrogen conversion. (Graf, et al., 2021, p. 178)
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Figure 14: Variation of the liquid height h. in a bubble column reactor (p =1 bar, T =37 °C,
uGas = 0.01 m/s, (H2/CO2)input = 4 (Graf, et al., 2021, p. 179)

Ex-situ biological methanation

The ex-situ biological methanation takes place in a separate reactor, where either the
untreated biogas or the pure CO> after upgrading can be brought in the reactor with
H». When using the raw biogas for methanation, H>O, O2 and H>S and small parts of
leftover CO2 must be removed in a gas treatment process afterwards. If there is a full
conversion of COz in the reactor, a removal can be spared. The advantage of using the
CO; stream compared to the whole biogas stream is that the reactors can be build
smaller and an integration to an existing biogas upgrading plant is easy. (Graf, et al.,

2021, p. 179)

In general, ex-situ biological methanation has the advantage that the operating
conditions in the reactor (pH, temperature and pressure) can be optimized with respect
to hydrogenotrophic methanogenesis. This includes the use of special pure cultures or
cultures adapted to changing conditions during operation. This would not be possible
with conventional fermentation, since non-sterile microorganisms are continuously
introduced through the biomass and the complex degradation steps from biomass to

biogas require a large number of different microorganisms. (Graf, et al., 2021, p. 180)
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Reactor concepts

There are different reactor types which all have the aim to transport the reactants to
the microorganisms in the liquid phase the best way possible. The gas-to-liquid mass
transport of hydrogen across the phase boundary depends on the volumetric mass
transfer coefficient, the specific surface area, and the concentration gradient between
the phases. These limitations can be improved in different reactors by different

measures: (Thema, et al., 2019, p. 10)

e Stirring or higher flow velocities in the liquid phase
e Using a packing material inside the reactor or adapting hydrodynamics to
create smaller bubbles or droplets

e Increasing the operating pressure
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Figure 15: Reactor types of ex-situ biological methanation (a) trickle-bed reactor TBR, (b)
continuous stirred tank reactor CSTR, (c) bubble column reactor BCR and (¢c) membrane reactor

MR. (Thema, et al., 2019, p. 11)

34



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

In order to quantify and compare the performance of the reactors with each other the
GHSYV and the methane formation rate MFR as a kind of reactor utilisation are one of

the most important indicators. (Graf, et al., 2021, p. 180)

VCH4,out - VCH4,in

MFR = Equation 15
V
VCH‘LOW Volumetric output flow of methane
VCH4,in Volumetric input flow of methane
|74 Reactor volume

In continuous stirred tank reactor (CSTR) the mixer divides the bubbles to increase the
surface area. This improves the mass transfer of hydrogen into the liquid phase with
increasing rotational speed (usually 300 — 1200 rpm). This also increases the power
consumption of the process which is proportional to f°d’ (frequency f'and diameter d)
and can result in up to 16% of the total energy input. Therefore, the geometry of the
mixer is of special importance and a higher pressure increases the mass transfer rates.
When the reactor pressure is increased, the hydrogen partial pressure increases and
thus the concentration of hydrogen at the phase interface also increases. This results in
a larger concentration gradient in the liquid film and thus a faster mass transport of

hydrogen into the liquid phase. (Graf, et al., 2021, p. 181), (Graf, et al., 2014, p. 15)

A major disadvantage of the CSTR is the strong back-mixing of the gas and liquid
phases. As a result, the composition of the gas phase in the entire reactor corresponds
to the product gas composition at the reactor outlet. In order to achieve a low hydrogen
concentration in the product gas, high hydrogen conversion is needed. This results in
a low hydrogen concentration in the gas phase and therefore in a low concentration

gradient. (Graf, et al., 2021, p. 181)

To increase the concentration gradient and therefore increase the mass transfer from
the gas into the liquid phase reactors where back mixing is almost not existing such as
counter current trickle bed reactors (TBR) and bubble column reactors (BCR) are used.
In these reactors, the hydrogen and carbon dioxide enter the reactor at a stoichiometric
relationship of 4 H»/CO», and the concentration of hydrogen in the gas phase decreases
within the reactor due to the biological methanation to the product gas concentration

level. This allows a higher average concentration gradient and thus a higher mass
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transfer. At the same time, these reactors can be designed as pressure reactors, so that
the methane content in the product gas is increased and the methane formation rate

(MFR) is increased while the GHSV remains constant. (Graf, et al., 2021, p. 181)

Furthermore, the energy demand of the TBR is lower than for BCR and CSTR, since
no additional energy except pumping the gas to the top of the column has to be used

in order to disperse the liquid into droplets. (Thema, et al., 2019, p. 10)

A rather new and still in academic research is the membrane reactor, where the
microorganisms are immobilized in a biofilm on the outside of the cylindrical

membranes. This separates the liquid and the gas phase. (Thema, et al., 2019, p. 10)
Operational conditions

Regarding flexible load operations, the microorganisms react quite well on load
changes and start-up after stand-by is possible within several minutes. A minimum
load for stirred systems is required, which is defined by the energy consumption of the
mixer and the heating. Since the reactors operate around 40-70°C, heat recovery is

limited to the temperature level. (Graf, et al., 2021, p. 183)

2.3.3. Post-gas treatment

After both biological and catalytic methanation, a product gas treatment process is
necessary to reach gas grid specifications according to Table 2. A drying process
reduces the water content to meet the dew point limitations. Furthermore, trace
elements such as H>S and NH3 as well as not fully converted CO» and H, may have to
be filtered out of the product gas stream using the same processes and techniques as
for biogas upgrading as presented in chapter 2.1.2 and therefore, synergies concerning

the gas treatment can be used. (Thema, et al., 2019, p. 7)
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3. Methodical Approach

In this chapter, the methodical approach of the techno-economic assessment a multi-

energy facility at the biogas plant Bruck/Leitha was carried out.

3.1. Market research

For a complete techno-economic assessment of a power-to-gas plant several following
technical and economic parameters of an electrolysis system and the methanation

system are required to determine the economic feasibility.

e Capital costs

e QOperating costs

e Lifetime

e Efficiency

e Power demand

e Heat demand and output

e Water demand

These parameters were gathered conducting a meticulous market research of state-of-
the art technology manufactures of electrolysers and methanation plants in Central
Europe combined and backed-up with data from the literature. Furthermore, data on
electricity prices were gathered from historical market data in Austria and the source

of the grid connection fees was the local distribution system operator.

Based on this research three scenarios (low, mid and high) with different assumptions
for costs, efficiencies and electricity prices were set up in order to reflect the
uncertainties of the gather data and provide a wider range of outcomes with different

input data.

3.2. Real data from the biogas plant

In order to develop a concept and determine the right size of the power-to-gas plant to
the given biogas plant in Bruck/Leitha, the following real historical data of one year

was gathered during two sessions at the plant:

e Product gas (biomethane stream)

e Off gas (CO») Stream
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e Power demand of several applications

e Heat demand and temperature levels of several applications

3.3. Dimensioning and calculation of long run generation
costs (LRGC) of the Power-to-Gas plant

Based on the gathered techno-economic data of electrolysers, methanation plants and
the historic data of the biogas plant, several options of different plant sizes were
selected and the long run costs of synthetic biomethane generation for each plant size
was calculated for each low, mid and high price scenario and also for different
electrolyzes technology. In the calculation, the available CO> stream of biogas
upgrading over one year of production, a CO; storage for buffering and the possible
waste heat integration different temperature levels of the power-to-gas plant on were
taken into account. Since the electricity price for electrolysis has a major influence on
the long run generation costs (LRGC), different electricity price models (spot market
model, future model, fixed price model) were considered as well as the positive and
negative balance energy market, since the electrolysis can deliver primary, secondary
and tertiary balance energy. The calculated long range generation costs of synthetic
biomethane of each scenario and variant are compared to each other and the best plant

size, technology and electricity price model are presented in chapter 4.
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4. Research Problem and Input Data

The integration of the different energy sectors gas, power and heat will play a key role
in achieving a resilient and carbon neutral energy system. In order to realise this so-
called sector coupling, locations where energy is not only produced, but also converted
or even stored in an efficient way are necessary to meet the future demands and provide
flexibility by reducing the loads on the individual grids. The most promising
technology to couple the electricity and the gas sector is the power-to-gas technology,
where electricity is used to split water into hydrogen and oxygen. Since there are no
pure hydrogen grids yet, and local hydrogen storage and transportation in trailers is
rather expensive and requires a certain amount of energy power-to-gas is not done yet
on a large scale. Also, the injection of hydrogen into the existing grid is limited to
maximum 10% vol. in Austria and in summer due to low gas consumption the gas flow
is also on a low level and blending is rather limited. Therefore, it makes sense to add
another step and convert the hydrogen to synthetic methane with CO> in the
methanation process. This synthetic methane fulfils the technical requirements for grid
injection and can therefore be injected everywhere into the public gas grid without
problems. One of the best CO; sources are biogas upgrading plants which produce
apart from biomethane also pure biogenic CO; from anaerobic digestion of wet
biomass, which is so far primarily vented into the air. Therefore, the CO»> is not only
renewable but also already present in a highly concentrated (99%) stream. This makes
biogas upgrading plants an ideal location for a power-to-methane plant, since the gas

grid connection is already in place, when biomethane is produced.

Therefore, this work will focus on how such a power-to-gas facility could look like
from a technical point of view to produce synthetic biomethane in combination with a
biogas upgrading plant. In specific the right size of power-to-gas plant will be
determined by the existing CO2 output of the biogas plant in Bruck/Leitha. In order to
answer the question which specific electrolysis and methanation technology in
combination with the right operational strategy fits to the biogas plant will be answered
by comparing the long run generation costs of synthetic biomethane. This assessment
will also deeply focus on the most important influencing factors concerning the

production costs of synthetic biomethane and how such a power-to-methane plant
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could be integrated in the existing process of the biogas plant Bruck/Leitha. Therefore,

special focus will be put on heat integration of the power-to-methane plant.

4.1. Biogas plant Bruck/Leitha

The biogas plant in Bruck/Leitha is one of the biggest biogas plants in Austria with a
capacity of recycling 34.000 t of organic waste material (wet biomass) from food
industry, kitchen- and canteen waste as well as agricultural residual waste. The plant
went into operation in 2004 and produced green electricity in two cogeneration plants
(2 x 836 kWe1) and heat, which was fed into the local district heating grid for 10 years.
In 2014, a biogas upgrading technology, a membrane system, was implemented and
up to 1000 Nm?/h of raw biogas can be upgraded to biomethane. The cogeneration
plants were not in operation anymore and up to 500 m*/h of biomethane was fed into

the gas grid. (Mauthner, 2021)

The feedstock is consisting of approximately 30% vegetable residues from harvest and
treatment, 30% packed and/or animal material which need thermal treatment
(disinfection at more than 70°C) and 30% materials, which neither need thermal

treatment nor belong to the first group. (Biogas Bruck/Leitha GmbH & Co KG, 2021)

The biogas plant has four 300 m? storage tanks for liquid materials and surface water,
two 300 m* mixing tanks, three 3,000 m* main fermenters and two 5,000 m* post
digesters. Furthermore, the plant has also one depackaging line, two disinfection
facilities and a 30 m?® heat storage tank. The upgrading unit consists of a chemical
scrubber, a membrane upgrading system and a gas injection facility, where gas is
measured, quality checked and fed into the local distribution grid at approximately
3 bar. In case, the biomethane production exceeds the local demand in the local level
3 grid, two high pressure compressors can compress the gas up to 60 bar to transport
it on the level 2 grid and therefore a continuous operation of 365 days per year can be
assured. Furthermore, the biogas plant is supplied by heat (around 90°C) from the
district heating grid Bruck an der Leitha. (Biogas Bruck/Leitha GmbH & Co KG,
2021)

Due to the fact, that the plant recycles food and fodder residuals and uses the most
modern technologies for waste conditioning, a high efficiency regarding material

recycling can be achieved. The by-products of the formation process, an authorized
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fertiliser “Terra Juva”, can be used on agricultural areas, which closes the nutrient
cycle and leads to a circular economy as well as enhances the sustainable productivity
of the fields. Therefore, producing biomethane from organic residuals is the most
ecological way of producing renewable gas locally in Austria and therefore reduce not
only carbon emissions but also decrease the import dependency by substituting natural

gas. (Biogas Bruck/Leitha GmbH & Co KG, 2021)
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Figure 16: Scheme of the biogas plan Bruck/Leitha. (Energiepark Bruck an der Leitha, 2022)
Operational data

The hourly operational data over the year 2020 of biomethane production volumes, off
gas (COy) quantities and heat demand are gathered from flow measurements of
biomethane grid injection, off gas stream calculated via a quality measurement and
heat supplied by the district heating grid. Figure 17 and Figure 18 shows that the biogas
plant produces 250 to 500 Nm?*/h biomethane and 100 to 250 Nm?*/h pure (99%) CO>
with a relationship of approximately 2:1 biomethane/CO;. The variation of the output
depends mainly on the amount of available feedstock, which varies over the year, but

also operational influences (e.g., mechanical or biological constraints) may lead to a
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reduction of output. Because of this varying production profile, a CO> storage tank can

be helpful to ensure a certain supply of CO» for the methanation process.

Biomethane

Figure 17: Hourly biomethane production of 2020. Own figure based on (Mauthner, 2021)

Offgas

Figure 18: Hourly off gas production of 2020. Own figure based on (Mauthner, 2021)

Heat supply

Figure 19: Hourly heat supply by district heating grid and monthly average (black line) of 2020.
Own figure based on (Mauthner, 2021)

Figure 19 shows the hourly heat supply by the district heating grid in red, which is fed
into the heat storage tank via a heat exchanger. The black line shows the average
monthly heat demand. The two main heat sinks at the biogas plant are fermenter
heating at around 40°C, which is only necessary in winter and constant disinfection of
feedstock at more than 70°C. This indicates that constant disinfection requires about
200 kW of heat continuous over the whole year and fermenter heating requires up to

200 kW of heat, depending on the outside temperature.

42



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

4.2. Electrolyser market research

For this assessment alkaline and PEM-electrolysers were considered due to the broad
commercial availability and high flexibility in terms of operations. In general, a wide
range of European manufacturers offer state-of-the art electrolysis technology in

various sizes from 100 kW up to 10 MWe and more.

421.  McPhy

McPhy is one of the European leading manufacturers of alkaline electrolysers based
in France, Italy and Germany. Their “McLyzer” is available in different power classes,
ranging from 0,5 MW up to 4 MW (100 — 800 Nm?3/h hydrogen output) as well as a
customable solution where 20, 100 MW and more are possible. The McLyzers have
an output pressure of 30 bar and a specific energy demand of 4.5 kWh/Nm?* hydrogen.
The manufacturer as well claims that its products have a very fast dynamic response

making them suitable for grid services such as primary reserve. (McPhy, 2022)

4.2.2. Nel Hydrogen

Nel Hydrogen is a Norwegian based and worldwide active manufacturer of AEL and
PEMEL systems. Their atmospheric alkaline electrolyser is scaleable up to
3,880 Nm?*h with a maximum power rating of 2.2 MW per stack. They claim to have
the world’s most efficient electrolyser with an electrical consumption of about

3.8 kWh/Nm?. (Nel Hydrogen, 2022)

Figure 20: Nel Hydrogen atmospheric AEL. (Nel Hydrogen, 2022)
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Nel Hydrogen also offers a scaleable PEM electrolyser with 2,000 — 5,000 Nm?*h
hydrogen as well as a smaller containerized solution of its PEM electrolyser with an

output capacity of 246 — 492 Nm?/h hydrogen. (Nel Hydrogen, 2022)

4.23. Siemens Energy

Siemens Energy offers with its Silyzer 300 also large scale and scaleable state-of-the-
art PEM electrolyser made in Germany. The Silyzer 300 consists of up to 24 modules
which sum up to a 17.5 MW array and has a system efficiency of 75% (HHV). Their
product can produce 100 — 2.000 kg/h of hydrogen with a very high and flexible load
range of 10%/s in 0-100%. The minimal load is 20% per single module, plant
availability is 95% and module lifetime is around 10 years. They claim to have a water
consumption of about 10 I/kg hydrogen and the delivered pressure is customable. The
Silyzer 300 also is suitable for primary frequency response service (primary balance

energy) due to its fast start up time of less than 1 min. (Siemens Energy, 2022)

One application of a 6 MW Siemens Silyzer 300 is the project HoFuture by voest alpine
in Linz, Austria. (Verbund Energy4Business, 2020)

Figure 21: 6 MW array of Siemens Silyzer 300 in Linz, Austria. (Verbund Energy4Business, 2020)

424, H-Tec Systems

The German based manufacturer H-Tec Systems, which is part of MAN Energy
Solutions, has two container PEM electrolysers made in Germany on the market. The
small ME100/350 with 225 kW, and the large ME450/1400 with 1 MWe nominal
power rating. The ME450/1400 can produce up to 210 Nm?/h hydrogen with a nominal
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energy consumption of 4.8 kWh/Nm?* hydrogen. The output pressure is between 15
and 30 bar and the load flexibility from minimum (20%) to nominal load can be
achieved in 30 seconds. Furthermore, H-Tec Systems also offers customable stacks for

bigger plants as well. (H-Tec Systems GmbH, 2021)

Figure 22: H-TEC Systems 1 MW ME450/1400. (H-Tec Systems GmbH, 2021)

4.2.5. Sunfire

Sunfire is also a German based manufacturer of alkaline as well as high temperature
electrolysers. The Sunfire-Hylink alkaline system can produce up to 2,230 Nm?/h of
hydrogen per day and has a maximum power rating of 10 MW... The specific power
consumption at system level is 4.7 kWh/Nm?® with a stack lifetime of over
90,000 hours. The delivered output pressure is 30 bar and the operation temperature is

85°C. (sunfire, 2022)

One application in Austria is the currently world’s biggest pressurized alkaline
electrolyser in Vols, Tirol with 3.2 MW, which was started operation in March 2022
for the Demo4Grid project. (Demo4Grid, 2022)
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Figure 23: 3.2 MW pressurized alkaline electrolyser Hylink by Sunfire in Vols, Austria.
(Demo4Grid, 2022)

4.2.6. ITM POWER

ITM Power is a British manufacturer of PEM electrolysers from 600 kW up to
100 MW. The HGAS3SP is a medium-sized containerized plug & play PEMEL
system of 2 MW, consists of 3 stacks and can deliver 30 bar hydrogen generation
pressure. The manufacturer claims that its rapid response enables the participation in
primary and secondary balance energy market. They also offer a two-sack module with
5 MW capacity called “2 GEP Skid”, which is modular up to 250 MW and a 3-stack
cube solution of 2 MW capacity called “3MEP Cube” which is modular up to SOMW.
(ITM Power, 2022)

Figure 24: 2 MW HGA3SP PEMEL by ITM Power.
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4.3. Biological methanation market research

When it comes to biological methanation, the major reactor supplier and therefore also
the first pilot projects are situated in Germany and Switzerland, but also Austria plays

a relevant role especially in research and innovation.

4.3.1. microbEnergy by Hitachi Zosen INNOVA

The German company microbEnergy was recently integrated into the Swiss company
Hitachi Zosen INOVA. Their biological methanation reactor “BiON 400 can convert
400 Nm?/h of hydrogen and 100 Nm?3/h of CO», uses the slurry from biogas plants as
substrate and operates at 10 bar and 65°C. It is a classic continuously stirred tank
reactor (CSTR) with a footprint of 1000- 1200 m?. In case of heat integration, up to
350 kW of heat can be used and therefore the efficiency can reach up to 95%. Their
BiON reactor is individually scaleable and the first industrial application was put in

operation combination with a 2.5 MW, electrolyser (2x Siemens Silyzer 200) in 2021

in Dietikon, Switzerland within the Limeco project. (microbEnergy, 2020) (Limeco,

2021)
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Figure 25: BiON Reactor at the Limeco facility in Dietikon, Switzerland. (Limeco, 2021)
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4.3.2. Electrochaea

The German plant designer Electrochaea has a small scale and large scale industrial
biological methanation system in place with the specifications shown in Figure 26.
Electrochaea offer their special biological catalyst ECH 0100 under a user-specific
license. The BioCat pilot plant was tested in the commercial scale project Store&Go
in Solothurn, Switzerland and in the commercial scale Biocat project in Avendore,

Denmark. (Electrochaea GmbH, 2021)

BioCat 1 (pilot plant) BioCat 10 BioCat 50
Biocatalyst [ ECH 0100 ECH 0100 ECH 0100
CO,conversion efficiency 97-99.5% 97-99.5% 97-99.5%
Nominal gas input 200 Nm*h Hz 2000 Nm*/h Hz 10000 Nm*/h Hz
50 Nm*h CO2z 500 Nm?h CO2z 2500 Nm*h CO2
Electrolyzer power requirement 1 MWe 10 MWe 50 MWe
Installed power methanation 45 kW 370 kw 1600 kW
Nominal outputs
- Grid quality gas 50 Nm*h CHa 500 Nm*h CHa 2500 Nm?*/h CHs
» Thermal energy 130 kWth 1275 kWth 6400 kWth
» Metabolic water 80 lh 800 Ifh 4000 I/h
Reactor temperature and pressure 63 *C; 10 bar 63 °C; 10 bar 63 °C; 10 bar
Efficiency at nominal load
+ Energy conversion efficiency H,to CH, >74% [®1 >74% P >T74% ™
« Total system energy conversion efficiency  52-58% 9 52-58% I 52-58% I
Footprint (excludes electrolyzer) 150 m? 480 m? 1070 m?

Controls and automation Fully autemated operation, accerding to client requirements/systems

Figure 26: Electrochaea BioCat specifications. (Electrochaea GmbH, 2021)

4.3.3. Krajete

Krajete GmbH is an Austrian based company who developed and patented a biological
methanation process called “Krajete® Process”. This process takes place in a
continuously stirred tank reactor (CSTR) at 15 bar where the monoculture microbes
are suspended in an aqueous solution. The reactants enter the reactor at the bottom and
are then dispersed by an agitator into the liquid phase. Krajete claims its reactor is
suitable for intermittent production patterns and can go from 0 to 100% load within a
couple of seconds as well as stand-by periods of more than 500 hours are possible.
This highly flexible process is specially made for a dynamic production profile in
power-to-gas applications (see Figure 27). Krajete GmbH holds 4 patents for its
process and a first pilot plant was set up in 2020. (Krajete GmbH, 2021)

48



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

tuwien FB_GBT_PS

Fermenter & 09-08-2012 15:01:28

]
u

200 -

e O e e U
\al A F \“]f \
b IJ ) | N L2:o
= 150 | |
x | | 2
3 i ‘ £
E &
& | ®
5 Xy
100 ] ‘ I z
S
: | o
- * —
u
g | | 4
1 T
& so | [
w N
z 1
| | 'o.s
!
i " A
o o o o\ W S s |
s} — 0.0
0 10 20 30 40
Time [hl

Figure 27: “Intermittency of Krajete® Process with instant methane production and no energy
consumption during transition periods in stand-by (follow the blue curve, H2, which symbolizes
electrolytic Hz and therefore stored electricity and compare to black curve)”. (Krajete GmbH,

2021)

4.4. Catalytic methanation market research

When it comes to catalytic methanation, the major reactor supplier and therefore also
the first pilot projects are situated in Germany and Denmark, but also Austrian

companies and universities play a relevant role especially in research and innovation.

4.41. Christof Industries

Christof Industries is an Austrian based but worldwide active company which is
specialized in plant engineering. Together with Montanuniversity Leoben, they
developed and patented a special honeycomb catalyst (Figure 13) which showed
promising laboratory tests results concerning load-flexible methanation operation in
combination with electrolysis, which made it suitable for the power-to-gas application.

(Friedacher, 2021)

This honeycomb catalyst will be field-tested in Austria’s first Power-to-Gas pilot plant
within the “Renewable Gasfield” project in Gabersdorf, Styria. The aim of this project
is to demonstrate the feasibility of the power-to-gas process (1 MW, electrolyser) with
catalytic methanation) in combination with a biogas plant. Within that project, the
honeycomb catalyst will be tested in a water-cooled tube in tube reactor in terms of

performance, long-time stability, and flexibility. (Salbrechter, 2022)
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Figure 28: Laboratory tests results of a honeycomb catalyst under dynamic load operation.

(Friedacher, 2021)

44.2. Hitachi Zosen INOVA

The Swiss plant engineering company Hitachi Zosen INOVA offers with its EtoGas
technology a cooled fixed bed catalytic methanation system in combination with a
2 MW, per module scaleable pressurized alkaline electrolyser. The plant sizes can
vary between 8 — 500 Nm?*/h of synthetic biomethane. One example for an industrial
application would be the Power-to-Gas Plant in Werlte, Germany which is in operation
since 2013. This plant has an electrolyser of 6 MW to produce hydrogen and in
combination with the off-gas CO» of the nearby biogas plant it can produce up to

3 MW synthetic biomethane. (Hitachi Zosen INOVA, 2020)

Figure 29: EtoGas Power-to-Gas plant in Werlte, Germany. (Hitachi Zosen INOVA, 2020)
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4.4.3. TOPSOE

The Danish company TOPSOE, specialized in carbon reducing technologies offers a
TREMP™ (Topsee Recycle Energy-efficient Methanation Process) process with their
own medium to high temperature catalysts. The methanation reaction takes place in
adiabatic fixed bed reactors. The advantage of this process is the usage of the waste
process heat of the methanation to produce superheated steam (100 bar, 540°C) of
about 3-3.5 kg/Nm?* SNG. Therefore, the process can achieve very high efficiencies,
when superheated steam is required in other processes. (HALDOR TOPSOE, 2009)

H, - CO,
Feed =3
CO + COy -
Super-
heater,
BFW
HP preheater Natural gas product
Recycle boiler
gas cooler EPI
oiler
3 =
F/E axchanger Low temperature
heat recovery Process condensate
Recycle
compressor

Figure 30: TREMP process. (HALDOR TOPSOE, 2009)

4.5. CO: Storage

Due to the fact, that a biogas plant has a variable production of CO2 (Figure 18) which
is determined by the availability of feedstock and gas processing and utilisation
equipment (upgrading and grid injection), a storage tank for a smoother methanation
input stream could make sense. When comparing the density of hydrogen of at 20 bar
and -25°C, which is approx. 20 kg/m? (Figure 31) to the density of liquid CO> at the
same conditions, which is around 1000 kg/m?, it is obvious to store CO> rather than

hydrogen.
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Figure 31: Temperature-Density diagram of hydrogen. (Hydrogen Tools, 2020)

The most efficient way to store large amounts of COz is in its liquid form. According
to its phase diagram (Figure 32) COz is liquid at 20 bar and -20 °C and usually stored

at these conditions.
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Figure 32: Phase diagram of CO2. (LibreTexts, 2020)
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Common COz liquification units compress the off-gas stream to approx. 20 bar and
cool it down afterwards in a CO; condenser to approx. -24 °C until it turns liquid and
the remaining methane in the off-gas is fed back to the upgrading unit. This also
removes the methane emissions in the off-gas stream. CO> liquification plants are
common in the food and beverage industry and therefore widely available by plant
manufacturers specialized in CO» technology such as Pentair for example. Pentair
offers a CO2 liquification unit called CO2BOLT-ON, which is especially designed to
add to biogas upgrading plants. This liquification unit by Pentair requires approx.

30 kW for 250 Nm?/h of COx. (Pentair, 2021)

SCOPE OF SUPPLY
o Gas balloon {optional) O Refrigerant (dry) condenser
o CO; compressor o Refrigerant compressor
o Activated carbon filter & drier o Liquid CO: pump
° Stripper-reboiler ° Main parts skid mounted and controlled by MCC

e Refrigerant cooled CO; condenser

o o Off-gas to be

brought back to

@
© upgrading unit
I
— o

Raw CO: from biogas

upgrading unit
Liquid CO,
for storage
INLET GAS CO: TYPICAL INLET GAS | FODTPRINT POWER TYPICAL DFF-GAS %cmm
CAPACITY COMPOSITION (LxWxH) CONSUMPTION OUTLET CONDITIONS E TANK
= 250 - 1800 Nm?*/h g o % O 39
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imperial 1102 - 7937 Ibs £0: 0,46% N/, 42X 328X92ft 50% CO0,

Figure 33: CO2BOLT-ON process of Pentair. (Pentair, 2021)

The liquid CO> can then be stored in 6.4 to 100 t vertical or horizontal vacuum isolated
steel tanks. For the use in a methanation reactor, the CO2 must be regasified using a
so-called atmospheric vaporizer with the use of ambient air. The vaporizer requires for
the same flow approx. 2.4 kW of electrical energy. (ASCO KOHLENSAURE AG,
2021) (ASCO KOHLENSAURE AG, 2021)
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4.6. Agricultural PV plant “Sonnenfeld”

Directly next to the biogas plant Bruck/Leitha, Energiepark Bruck/Leitha is installing
on an agricultural area of 5.5 ha a free-space photovoltaic plant as a research project.
The plant is supposed to produce approx. 4,000,000 kWh per year and therefore could
have a capacity of 3.6 MWyea. (EWS Sonnenfeld, 2021)

- Copt-Wat-Runnichiung stoer Riigung 14°
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Figure 34: Plan of the Sonnenfeld Bruck/Leitha. (EWS Sonnenfeld, 2021)

An assumption of the hourly production profile of the 3.6 MWjeax Sonnenfeld

according to global solar atlas is shown in Figure 35.
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Figure 35: Assumption of the hourly production profile of Sonnenfeld. (Leaflet, 2022)

The grid connection will be at the transformer station of the biogas plant and therefore
this electricity could be directly used for powering the electrolyser without feeding it

into the local public power grid.
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4.7. Electricity market in Austria

Electricity prices is a major regarding the economics of a power-to-gas plant in the
scale of several MW of electrolysis input power. Therefore, a special focus lies on
energy procurement and a proper procurement strategy must be implemented by the

plant operator. The are several prices models possible:
Fixed price model

Within the fixed price model, the energy supplier guarantees a fixed energy price for
a period of one or two years. The advantage of this model on the one hand is that is a
plannable and secure price can be agreed upon, which limits the risk of short-term
price increases. On the other hand, periods of low price, especially in summer, cannot

be used effectively and total costs may be higher than necessary.
Day/Night price model

Like the fixed price model, prices differ only between daytime (06:00-22:00) and
night-time (22:00-06:00) but day and night-time prices are also fixed over a longer
period. This price model makes sense when continuous consumption (e.g., at a biogas

plant), also during night-time, takes place.
Monthly floating price model

This model has a monthly adapted energy price calculated by the monthly average of
the EPEX SPOT base price of the previous monthly multiplied by a load factor plus a
handling fee. This flexible model profits from seasonal and monthly price differences

but is less predictable.
Realtime spot price model

The most flexible energy price model is a real-time spot price model, where the
consumer receives directly the EPEX spot prices per hour or 15 min including a
handling fee of around 0.6 EUR/MWh. Figure 36 and Figure 37 show the Austrian
wholesale market prices for 2020 and 2021 in EUR/MWh. These figures show that
negative prices are possible and the spread between day/night and weekday/weekend
is significant. Furthermore, especially end of 2021, the electricity prices showed a

very strong increase.
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Figure 36: Hourly Day-Ahead Spot prices in Austria 2020. Own figure based on (Austrian Power
Grid AG, 2020)
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Figure 37: Hourly Day-Ahead Spot prices in Austria 2021. Own figure based on (Austrian Power
Grid AG, 2021)

4.71. Control reserve market in Austria

For a stable grid frequency, a balance between generation and consumption is always
necessary. Deviations from this balance, which may be caused by power plant outages
or unexpected changes in consumption for example, must be permanently
compensated for by activating reserve power from generation or consumption units.
As the control area manager, Austrian Power Grid (APQG) is responsible for procuring
and activating the required reserve power in the APG control area. Since 2012, the
procurement of the required control reserve in the APG control area has been carried
out uniformly by APG by means of regular tenders. Any market participant that fulfils
the technical prequalification conditions and has signed a corresponding framework

agreement can participate in these tenders. (Austrian Power Grid AG, 2022)
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Therefore, apart from the wholesale electricity market, the control reserve market is a
possible market to participate as an operator of an electrolyser larger than 1 MW which

meets the requirements to participate in the control reserve market.
For technical and economic reasons, three types of control reserve are distinguished:
Primary reserve: FCR (Frequency containment reserve)

The primary control reserve is a solidarity reserve in continental Europe. It is needed
to automatically compensate for an occurring imbalance between generation and
consumption within a few seconds through appropriate activation (regulation). The
primary control reserve will be automatically activated and must deliver the maximum
power within 30 seconds after frequency deviation and must last at least 30 minutes.

(Austrian Power Grid AG, 2020)

FCR is procured daily in six 4-hour products and the minimum bid is +/-1 MW. Any
further bids may be submitted in whole MW increments, up to a maximum of the
prequalified capacity. For indivisible bids applies a maximum bid size of +/- 25 MW.
The bidding period for tenders usually starts 14 days before delivery and ends at 08:00
on the day before delivery. At the end of the bidding period, bids are ranked by price
- cheapest bids first - until the required sum of +/-73 MW in 2022 is reached. Each
supplier receives the determined marginal price ("pay as cleared") for its bids that were
accepted and thus at least the power price. There is no work price since, since the actual
grid frequency oscillates around the mean value of 50 Hz, the primary control energy

should be about zero on average. (Austrian Power Grid AG, 2020)

Figure 38 and Figure 39 show that the allocated capacity prices of the FCR auctions
are usually between 5 and 20 EUR/MWh.
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Figure 38: Capacity prices of the FCR tender in Austria, 2020. Own figure based on (Austrian
Power Grid AG, 2020)
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Figure 39: Capacity prices of the FCR tender in Austria, 2021. Own figure based on (Austrian
Power Grid AG, 2021)

Secondary reserve: aFRR (Automatic frequency restoration reserve)

The secondary control reserve is an individual, automatically acting reserve that each
control area must keep ready for itself. In the event of an imbalance, it follows the
deployment of the joint primary control reserve, but it is only activated in the control
area in which the imbalance occurred. While the primary control reserve must be
activated within a few seconds, the secondary control reserve is activated within a
maximum of 5 minutes in Austria. Currently the needed secondary reserve is
+/- 200 MW. The minimum bid size for a supplier's first bid per product is 1 MW. The
minimum bid for each additional one is 5 MW. Bids more than this may be submitted
in whole 1 MW increments, up to a maximum of the prequalified capacity. (Austrian

Power Grid AG, 2022)

The secondary reserve market is consisting of two separate stages: the balancing

capacity and the balancing energy tender. Within the framework of the balancing

58



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

capacity, market participants offer pre-qualified capacities, which they must also offer
on the balancing energy market if they are awarded the contract. In addition to the
capacity offered, a bid for secondary control reserve is characterized by the capacity
price. The bids submitted are ranked in ascending order according to this price (merit
order list for power). The bids that are most favourable for APG are finally accepted.
The second stage of the market is made up of energy tenders conducted within the day.
Here, suppliers can adjust their energy prices already submitted in the power bidding
process or offer other prequalified capacities, independently of the power bidding
process. The bids submitted are in turn ranked in a merit order list according to their
energy price. Tenders take place on the electronic tender platform provided by APG.

(Austrian Power Grid AG, 2022)

The required aFRR capacity is tendered in Austria on a calendar day basis (from
Monday to Sunday) and at the end of the bidding period, the offers are ranked
according to the lowest capacity price. The selected bids receive the quoted capacity
price (“pay as bid”). The required secondary control energy is tendered then during the
day (from Monday to Sunday). Bids for a delivery period of 4 hours can be submitted
and adjusted until one hour before the delivery period of the respective product time
slice. After the end of the bidding period of the energy tender, the bids are ranked, and
awards are made according to the lowest energy price in case of positive secondary
control reserve or highest energy price in case of negative secondary control reserve.
Positive control energy means, electrical energy is fed into the grid or load is decreased
to counter a decreasing frequency, whereas negative control energy referees to
electrical energy pulled from the grid (by increasing the load for example) to counter
an increase in frequency. One unit can only take part in either positive or negative

auction at the same time. (Austrian Power Grid AG, 2022)

Figure 40 till Figure 43 show that the capacity price for aFRR is usually below
10 EUR/MWHh with short periods and peaks of up to 200 EUR/MWh.
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Figure 40: Capacity price for positive aFRR in Austria, 2020. Own figure based on (Austrian
Power Grid AG, 2020)
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Figure 41: Capacity price for negative aFRR in Austria, 2020. Own figure based on (Austrian
Power Grid AG, 2020)
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Figure 42: Capacity price for positive aFRR in Austria, 2021. Own figure based on (Austrian
Power Grid AG, 2021)
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Figure 43: Capacity price for negative aFRR in Austria, 2021. Own figure based on (Austrian
Power Grid AG, 2021)

Figure 44 till Figure 47 show the activated positive and negative automatic frequency
restoration reserve in Austria for 2020 and 2021 and its weighted energy price. The
positive aFRR is around 100 EUR/MWh for 2020 and the first half of 2021. This
means, that for delivering positive aFRR to the grid (the electrolyser decreases the
load) a compensation of approx. 100 EUR/MWh will be paid by APG. When the

electricity spot price increases, also the energy price for positive increases respectively

(compare Figure 37).
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Figure 44: Weighted energy price and activated positive aFRR in Austria, 2020. Own figure
based on (Austrian Power Grid AG, 2020)
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Figure 45: Weighted energy price and activated negative aFRR in Austria, 2020. Own figure
based on (Austrian Power Grid AG, 2020)
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Figure 46: Weighted energy price and activated positive aFRR in Austria, 2021. Own figure
based on (Austrian Power Grid AG, 2021)
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Figure 47: Weighted energy price and activated negative aFRR in Austria, 2021. Own figure
based on (Austrian Power Grid AG, 2021)

The negative aFRR is slightly positive, which mean the provider for negative aFRR
(electrolyser increases the load and pulls energy from the grid), must pay for the
energy. In case of negative prices, the provider receives compensation according to the

activated control reserve energy. In the end of 2021, even with very high spot market
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prices, the provider would have to pay more than 100 EUR/MWh for negative aFRR.

This is still less than the actual spot price for energy.

When the automatic secondary control reserve is not enough to compensate for the
failure of the largest power plant unit, a supplementary manual reserve is needed - the

tertiary control reserve. (Austrian Power Grid AG, 2022)
Tertiary reserve: mFRR (Manual frequency restoration reserve)

The tertiary control reserve basically serves to avoid a prolonged activation of the
secondary control. In Austria, it must also supplement the secondary control reserve
in the event of major imbalances such as major power plant outages, as the latter would
otherwise be too small to compensate for the imbalance on its own. The manual
frequency restoration reserve must be activated within 15 minutes. The tender process
is basically the same as for secondary reserve and the currently tendered volume in
Austria is 280 MW positive mFFR and -195 MW negative mFFR. (Austrian Power
Grid AG, 2022)

Figure 48 till Figure 51 show the capacity price for tertiary reserve in Austria. Similar
to the secondary reserve, capacity prices are most of the time below 10 EUR/MWh for
2020 and are increasing at the end of 2021, when spot prices also increased

tremendously.
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Figure 48: Capacity price for positive mFRR in Austria, 2020. Own figure based on (Austrian
Power Grid AG, 2020)
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Figure 49: Capacity price for negative mFRR in Austria, 2020. Own figure based on (Austrian
Power Grid AG, 2020)
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Figure 50: Capacity price for positive aFRR in Austria, 2021. Own figure based on (Austrian
Power Grid AG, 2021)
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Figure 51: Capacity price for negative mFRR in Austria, 2021. Own figure based on (Austrian
Power Grid AG, 2021)
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Figure 52 till Figure 55 show the energy prices and the activated tertiary reserve for
2020 and 2021 in Austria. Compared to secondary reserve it is activated much less but

with higher energy prices.
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Figure 52: Weighted energy price and activated positive mFRR in Austria, 2020. Own figure
based on (Austrian Power Grid AG, 2020)
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Figure 53: Weighted energy price and activated negative mFRR in Austria, 2020. Own figure
based on (Austrian Power Grid AG, 2020)
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Figure 54: Weighted energy price and activated positive mFRR in Austria, 2021. Own figure
based on (Austrian Power Grid AG, 2021)

65



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

positive mFRR 2021

300
z 250 |
=
= 200
S 150
®
2 100
c
< 50 Ll '.I
o =l
'\9’0’ m&\ "»&\ "»&\ '\P’\'\ "bé\}
) ) ) ) i ) A
& i $ & $ & S
[y Q¥ [\ [\ [\ [\ [\

e mFRR Activation in AT (MW)

"
a0
,»0

[\d

Ii‘Jikl'l- l I.J..I-l -lll I TPRr S et

&
4
8
N N

mFRR energy price in AT EUR/MWh

1400
1200
1000
800
600
400
200

Price in EUR/MWh

Figure 55: Weighted energy price and activated negative mFRR in Austria, 2021. Own figure

based on (Austrian Power Grid AG, 2021)
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5. Scenarios of the techno-economic analysis

In this chapter, the input parameters for the economic calculation are presented as well
as the different scenarios, concerning plant size, technology, costs, electricity price and

balance energy price.

5.1. Considered technologies

Since the biogas plant Bruck/Leitha already has an existing biogas upgrading unit in
place, the ex-situ methanation with a pure CO; stream after upgrading is selected as

the base concept (see Figure 56).

Regarding the electrolyser technology, only the alkaline and the PEM technology are
considered in the analysis, due to the higher technology readiness level, lower costs,

more flexibility, and bigger market compared to a high temperature electrolysis.

For the methanation technology, the biological methanation was selected for this
evaluation, since several synergies with the existing biogas plant, for example using
the digestate from the fermenter as biomass input for the methanation reactor, can be
achieved. Moreover, the higher flexibility for the biological reactor to load changes
and on-off operation compared to the catalytic reactor is especially important and
beneficial when taking part in the control reserve energy market, where high flexibility
is a prerequisite. Also, for the post-treatment of the synthetic biomethane, the existing

gas cleaning units could be used as well.
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Figure 56: Considered methanation concept. Own figure
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5.2. Input Parameter

Table 5 and Table 6 show the summary of the techno-economic parameter of different
electrolysis and methanation technologies. Because of the broad range of CAPEX,
three price scenarios are used, reflecting a low, base and high case of CAPEX. For
sake of simplicity and comparability, operating and maintenance costs as percentage
of CAPEX per year, lifetime and efficiency were kept constant in the low, base and
high case. Another variation were the electricity costs, where 6 different cases of
electricity costs were assumed: five fixed day/night energy prices and 2 floating price

cases using the 2020 and 2021 spot market prices (including taxes and grid fees).

According to §62 EAG 2021 Renewable Energy Expansion Act (Erneuerbaren-
Ausbau-Gesetz), facilities converting renewable electricity into hydrogen and
synthetic methane can receive an investment grant of up to 45%. This 45% investment
grant was considered in the CAPEX of electrolyser, methanation unit and for CO>
storage.

Table 5: Review of literature data on electrolysers. Own table based on (Milanzi, et al., 2018) &

(Graf, et al., 2021)

Unit AEL PEMEL HTEL
Electrolyte KOH-Solution | Water (liquid) | Water (steam)
TRL 8 6 4
Power Rating MW 0.005-5.3 0.005-17.5 | 0.0018 -0.15
Efficiency % H> 68 — 85 67-175 73 - 82
Min.-Max. Load % 10-110 0-200 5-100
Cold Standby min 10— 60 1-40
Lifetime h 75,000 60,000 20,000
CAPEX EUR/W | 500 - 1,500 1,000 — 2,300 | 2,000 — 5,600
CAPEX 2030 EUR/KW | 500 - 1,400 650 — 1,500 460 — 2,800
CAPEX 2050 EUR/KW 200 — 700 200 —900 153 — 1,000
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Table 6: Review of literature data on methanation. Own table based on (Bir, et al., 2015) & (Graf,

et al., 2014)
Unit Biological Catalytic
Methanation Methanation

TRL 6 7
Catalyst Microorganisms mostly Ni-based
Pressure bar 4-10 > 10
Temperature °C 40 -70 300 - 700
Tolerance high low
Flexibility high moderate
Electricity Demand | kWh/m?*snG 04-138 <04
Heat integration moderate high
CAPEX EUR/kWsnG 110 - 1,500 100 — 1,500

Table 7 show the used techno-economic input parameters such as CAPEX, OPEX,

electrical energy consumption, grid connection fee and usable waste heat.

Table 7: Techno-economic input parameter of the technology. (Own table)

AEL PEMEL Methanation Storage

Low CAPEX 500 1000 100

EUR/kWer | EUR/kWe EUR/kWsnG EUR/KkWe
Base CAPEX 1000 1650 100

EUR/kWer | EUR/kWe EUR/kWsnG EUR/KkWe
High CAPEX 1500 2300 100

EUR/kWe | EUR/kWe | EUR/KWsng EUR/kWei
OPEX [% CAPEX] 3% 2% 6%
Electrical energy 5 kWh/Nm? | 5 kWh/Nm? 1 kWh/Nm? 0.12
consumption H> H> kWh/Nm?
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1

1

Grid connection 101.48 101.48 -
(Level 5) EUR/KkWei EUR/KkW¢

Usable Waste Heat 0.2 0.2 0.34

(at 50°C) kWhaw/kWhe | kWhin/kWhe | kWha/kWhsng

Table 8 show the used basic economic parameter. Table 9 and Figure 57 show the used

day and night electricity prices (all-in) including electricity duty, handling fee and

renewable fee. According to §111 (3) EIWOG, facilities converting renewable

electricity into hydrogen and synthetic methane are exempt from grid utilisation and

grid losses fees for a period of 15 years.

Table 8: Basic economic input parameter. (Own table)

Discount rate 2%
WACC 2.5%
Discount period 10 years

Table 9: Electricity input prices. (Own table)

Day Night
Very Low EUR/MWh 50 30
Low EUR/MWh 90 50
Mid EUR/MWh 135 75
High EUR/MWh 180 100
Float 2020 Figure 57 (light blue)
Float 2021 Figure 57 (green)
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Figure 57: Electricity prices for all considered cases. Own figure based partly on (Austrian Power

Grid AG, 2020) & (Austrian Power Grid AG, 2021)

5.3. Power-to-Gas Dimensions

In order to find out which power-to-gas size fits best to the existing biogas plant in

Bruck/Leitha and its off-gas stream, different electrolyser and methanation sizes

ranging from 2 MW, up to 5 MW, are considered in the calculations as well.

Table 10 shows that with a 5 MW electrolyser and 250 Nm?3/h methanation reactor,

100% of the off-gas CO; could be converted to synthetic biomethane. Since the off-

gas stream is fluctuating, a smaller electrolyser of 2 MW, in combination with a

100 Nm*/h methanation reactor would utilise 60% of the off gas (Figure 58).

Table 10: Considered power-to-gas sizes. (Own table)

Off-gas Hydrogen | Electrolyser SNG SNG Utilisation
Nm?/h Nm?*/h MW Nm*h GWh %

100 400 2 100 9 60

125 500 2.5 125 11 73

150 600 3 150 12.4 82

175 700 3.5 175 13.4 89

200 800 4 200 14.2 94

250 1000 5 250 15 100
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Figure 58: Off-gas and different SNG streams of different power-to-gas sizes. Own figure based
partly on (Mauthner, 2021)

5.4. Operational Scenarios

For reflecting different electricity market situations and operating schedules six
operational scenarios were examined in the techno-economic assessment. In all
scenarios, the same amount waste heat integration for fermenter heating was assumed.
Since neither electrolyser nor biological methanation can deliver waste heat with
temperatures higher 60°C it can only be used for fermenter heating, which can be up
to 200 kW in Winter according to Figure 19. The continuous 200 kW disinfection
process requires temperature of more than 70°C and feeding into the nearby district
heating grid requires temperatures of approximately 90°C. For these two applications,
an additional heat pump would be needed, which was not taken into account in the
scenarios. Also, no utilisation or revenues from the produced oxygen were considered

in the scenarios.

54.1. Scenario 1a: Maximum PtG utilisation without storage

This scenario considers a maximization of the power-to-gas (electrolyser and
methanation) full load hours without a CO; storage. This means for example a 4 MW
electrolyser can produce under nominal full load maximum 800 Nm?*/h of hydrogen.
The methanation therefore can convert max. 200 Nm?*h of off-gas to synthetic
biomethane. In cases of a higher off-gas production by the biogas plant, the surplus of

CO; is not used in the power-to-gas unit and vented into the environment, thus

72



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

reducing the utilisation factor. In cases of a lower off-gas stream, due to a reduction in
biogas production, the electrolyser and the methanation must adapt as well and

decrease the load, accordingly, thus also decreasing the utilisation factor.

5.4.2. Scenario 1b: Maximum PtG utilisation with storage

Similar to scenario 1a, this scenario also aims to maximize the utilisation factor of the
power-to-gas unit but in combination of a liquid CO» storage tank (see chapter 4.5).
The advantage of a storage tank is to buffer fluctuations in the off-gas stream, thus

allowing a higher utilisation with less installed power-to-gas capacity.

5.4.3. Scenario 2a: PtG uses only electricity from Sonnenfeld

In this scenario, the power-to-gas plant follows the electricity of the nearby 3 MW
agricultural PV plant “Sonnenfeld” (see chapter 4.6). If the PV plant is directly
connected to the transformer station of the biogas plant, using its electricity would not
cause any grid fees. The only fee would be the electricity duty of 15 EUR/MWh. On
the other hand, the low full load hours of approx. 1100 hours of PV causes very low
utilisation factors of the power-to-gas plant. The aim of this scenario is to give
conclusions if the power-to-gas process is economically feasible in combination with

the photovoltaic production profile only. No storage was considered in this scenario.

544. Scenario 2b: PtG operates only below certain electricity
price

This scenario should represent an operational strategy, where the power-to-gas unit is

only in operation at times, when the spot market price is below 40 EUR/MWh.

Therefore, the plant is supplied with the hourly spot market electricity prices of 2020

including taxes and fees. The year 2021 was excluded since the prices this year were

often significantly higher than 40 EUR/MWh. No storage was considered in this

scenario.

5.4.5. Scenario 3a: Positive secondary reserve (aFRR+) market

In this scenario, the electrolyser uses its flexibility and takes part in the secondary
reserve market, since it has the highest energy prices and requests compared to primary
and tertiary reserve market. In the positive secondary reserve market, the electrolyser

i1s running normally on nominal load, while offering its capacity to decrease from
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nominal load to zero in the capacity tender. Since the capacity prices are usually low,
no revenues from the capacity tender were considered. Regarding offered prices for
reserve energy in the auction, an optimum price was determined based on the monthly
average of the day-ahead spot prices and increased by 30% (Figure 59 and Figure 60).
The data also show that the weighted energy price of positive aFRR correlates with
the spot market price. The higher the spot price, the higher the aFRR energy price,

which compensates the high electricity spot market price.
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s 3FRR Activation in AT MW Weighted aFRR energy price in AT EUR/MWh

== Day-Ahead spot price 2020 e Offered price of aFRR+ EUR/MWh

Figure 59: Offered price of positive aFRR 2020. Own figure based partly on (Austrian Power
Grid AG, 2020) & (Austrian Power Grid AG, 2020)
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Figure 60: Offered price of positive aFRR- 2021. Own figure based partly on (Austrian Power
Grid AG, 2021) & (Austrian Power Grid AG, 2021)
Compared to the other scenarios, also revenue by offering secondary reserve energy

can be generated apart from the revenues from the synthetic methane.

In order to take part in the secondary reserve market, a very high availability of the
electrolyser has to be met. Therefore, the hydrogen must be processed in the
methanation immediately, since no large hydrogen buffer tank is in place. To provide

this flexibility, a certain CO> stream has to be available at all times when offering
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reserve capacity. This is achieved with a liquid CO» tank large enough to ensure a very

high availably of the whole power-to-gas plant throughout the whole year.

5.4.6. Scenario 3b: Negative secondary (aFRR-) reserve market

In this scenario, the electrolyser takes part in the negative secondary reserve market.
Here the electrolyser capacity is offered in the capacity auction to increase its load
from 0 to nominal load and thus providing negative secondary reserve energy to the
grid. Since the offered prices are significantly lower than for positive aFRR, the
optimum offered energy price for this calculation equals 10% of the monthly spot
market average (Figure 61 and Figure 62). Additionally, a positive energy price means
costs for negative reserve energy and therefore, the aim is offering energy with a price
as low as possible. Also, no revenues from the capacity tender were considered in this
scenario as well. In this scenario also a liquid CO; storage tank to increase the

availability was included in the calculations.
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Figure 61: Offered price of negative aFRR 2020. Own figure based partly on (Austrian Power
Grid AG, 2020) & (Austrian Power Grid AG, 2020)
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Figure 62: Offered price of negative aFRR 2021. Own figure based partly on (Austrian Power
Grid AG, 2021) & (Austrian Power Grid AG, 2021)
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6. Results

In this chapter, results of the techno-economic assessment are discussed and the
different scenarios and technology options as well as price case are compared to each

other in terms of long rang generation costs of synthetic methane (LRGC).

6.1. Mass and Energy balance of a 5 MW, Power-to-Gas plant
at Bruck/Leitha

Figure 63 shows the simplified ideal mass balance for the biomethane production of
500 Nm?/h in combination with a 5 MW electrolyser and 250 Nm?/hsng biological
methanation reactor. It shows that with the power-to-gas unit, the biomethane yield of
the biogas plant can be increased by 50% and that the produced gas composition meets
the high grid requirements and can therefore be injected into the public gas grid
without any concern. Also, the methane losses in the upgrading unit can be mitigated

since, the off-gas stream is not vented into the environment anymore.
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Figure 63: Mass balance of a S MWa power-to-gas plant in combination with the biogas plant
Bruck/Leitha. (Own Figure)

When looking at the energy balance (Figure 64) of the same plant size and
configuration, the whole process is quite efficient with an overall efficiency of almost
75% since a part of the waste heat can be integrated in the current biogas process. In
the ideal case, where the whole 1.7 MW of waste heat at 55°C could be used, the
efficiency increases up to 90%. When taking the additional 200 kW of heat demand

from disinfection as own consumption into account, the residual 1.5 MW could be

76



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

either used for a low temperature anergy district heating grid, for heating up the back
flow of the nearby district heating grid. In combination with an electrical heat pump,
which raises the temperature from 55°C to 90 — 100°C, this heat could also be fed into

the main flow of the district heating grid as a base load.
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2668 kW Exkl. CO; storage

Hydrogen 3540 kW Losses 208 kW

Methanation

Useable waste heat ion-
5 @ Own consumption:
914 kW bei 50-55°C = ?!p 55°C: 200 kW
:‘E o Surplus:
i 1714 kW

Electrolysis

Useable waste heat approx. 1000 kW at 60-65°C

Losses 460 kW

Figure 64: Energy balance of a 5 MW power-to-gas plant in combination with the biogas plant

Bruck/Leitha. (Own Figure)

6.2. Long range generation costs of synthetic biomethane

The Long-range generation costs of synthetic biomethane (LRGC) were based on the
annuities of CAPEX, OPEX and energy costs and revenues from the control reserve

market.

6.2.1. Results of Scenario 1a

Appendix 1 shows the results of Scenario 1a, where the utilisation of the power-to-gas
plant was maximized without a storage. It can be seen, that even with very low
electricity prices, the LRGC never reach values less than 100 EUR/MWh. Also, the
strong sensitivity and therefore linear relationship between electricity price and LRGC
are illustrated. Furthermore, larger power-to-gas capacities do not result in lower
LRGC, because the utilisation factor decreases, since the biogas plant delivers a
fluctuating CO; stream. Therefore, smaller capacities or a storage system for CO> can

increase the utilisation factor.
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6.2.2. Results of Scenario 1b

Appendix 2 illustrates the influence of a CO» storage. With a storage capacity of 100 t
COz, which refers to a vertical tank of 15 m in height and 3.6 m in diameter, and a
power-to-gas unit of 3.2 MWg all the produced CO, in 2020 could be converted to
15 GWh of synthetic biomethane. With a smaller storage of 78 t and 3 MW, power-
to-gas capacity, 14 GWh SNG could be produced. When comparing the LRGC of
scenario la and 1b, an additional storage would increase the LRGC for 2 MW, and
2.5 MW plant sizes by 1-2 % and above that it would only decrease the LRGC by

2-4%, which is only a minor impact.

6.2.3. Results of Scenario 2a & 2b

Scenario 2a - free Electricity from Sonnenfeld Scenario 2b: operates only below certain price
(only 15€/MWh E-Duty) <40€/MWh 2020
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Figure 65: Results of Scenario 2a (left) & 2b (right). (Own figure)

Scenario 2a (Figure 65 left) displays the ideal case of a 2.5 MW, power-to-gas unit
with the 3 MW,eak agricultural PV plant, where the electricity costs are only assumed
to be 15 EUR/MWh according to the electricity duty. Even in this very optimistic and
rather unrealistic case of “almost” free energy from the PV plant, the LRGC are
between 135 and 360 EUR/MWh, depending on the CAPEX case. This is because with
only 1100 full load hours, 1.98 GWh of synthetic biomethane could be produced.
Therefore, it does not really make sense to use a power-to-gas plant with such a low

utilisation of only 1500 full load hours.
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Even in the scenario 2b (Figure 65 right) when the power-to-gas unit is only operating
when the spot price (reference year 2020) is below 40 EUR/MWh and a utilisation of
4,000 (5 MWe))— 6,000 (5 MW) full load hours could be reached, the LRGC are still
higher than 100 EUR/MWHh.

6.2.4. Results of Scenario 3a

A completely different situation occurs when entering the control reserve market with
electrolyser and use the flexibility of the whole power-to-gas process in order to

generate also revenues from offering positive control reserve energy.

Scenario 3a: Floater 2020 aFRR+ 2020
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Figure 66: Results of Scenario 3a for positive aFRR with 2020 prices. (Own figure)

Figure 66 shows that the revenues from the positive control energy market (with 2020
prices) compensate the electricity costs. In this operational scenario, where the
electrolyser reduces the load, when positive control energy is required in the electricity
grid, only 2,200 — 2,935 full load hours could be reached. For example, the 5 MW
power-to-gas unit has around costs for electricity 2,000,000 EUR/a in the floater 2020
case and generates 1,300,000 EUR/a revenue from offering positive control energy. A

smaller power-to-gas unit of 2 MWe could even generate in the Low CAPEX case
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revenues for positive control energy, which are higher than the costs for electricity,

depreciation, operating costs, thus having negative LRGC.

The big advantage of the positive control energy is, that the price increases with
increasing electricity prices, which generates a dampening effect. This was the case at
the end of 2021 when the electricity skyrocketed to more than 300 EUR/MWh. In this
case, displayed in Figure 67, the price for positive control energy was so high, that in
combination with a floater electricity tariff 2021, the LRGC are in any CAPEX and
capacity case negative. The full load hours when taking part in the 2021 positive
energy market are between 2955 and 3156 and therefore producing 4 — 8.5 GWh of
synthetic biomethane. For a production of 8.5 GWh of SNG with the 5 MW, power-
to-gas unit, a CO; storage of around 30 t would be needed to provide the necessary
operational flexibility and security for the control reserve market. See also Appendix 3

for detailed results.
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Figure 67: Results of Scenario 3a for positive aFRR with 2021 prices. (Own figure)

6.2.5. Results of Scenario 3b

Figure 68 and Figure 69 show the results of participating in the negative control

market, thus operating only with negative control energy.
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Scenario 3b: Float 2020 Case aFRR- 2020
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Figure 68: Results for Scenario 3a for negative aFRR with 2020 prices. (Own figure)
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Figure 69: Results of Scenario 3a for negative aFRR with 2021 prices. (Own figure)

Therefore, the electricity price has a rather low to no influence on the LRGC. For low

negative control energy prices like 2020, LRGC below 100 EUR/MWh can be
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achieved in almost every CAPEX and capacity case. But when the electricity prices a
rising, which was the case in 2021, also the prices for negative control energy a rising
and therefore creating higher costs when the power-to-gas plants operates with this
energy. Compared to the positive energy market, using negative control energy

generates costs. See also Appendix 4 and Appendix 5 for detailed results.

6.2.6. Economic results for a 5 MW, power-to-gas plant in the

positive control reserve market

Table 11, Table 12, Table 13 show the results of a 5 MW, power-to-gas plant, which
operates in the positive control reserve market for 2020 and 2021 prices and

differentiated between AEL and PEMEL technology.

According to literature data, there is still quite a big difference between alkaline and
PEM electrolyser when it comes to investment costs. This is also reflected in the total
revenues, since the depreciation and other operating costs as included as well. The

revenues generated by the SNG production refer to a price of 100 EUR/MWh.

Due to the fact, that the revenues in the positive control reserve market are quite high,
the profits from the power-to-gas plant are positive in a year (2020) with low electricity
prices and are even higher in a year (2021) with high electricity prices, because the

positive control energy prices correlate almost linear with the electricity spot prices.

Table 11: Summary of economic data of a 5 MWa power to gas plant. (Own table)

CAPEX OPEX CAPEX | OPEX
|[EUR] [EUR/a] [EUR] [EUR/a]
PEMEL 8,250,000 165,000 | AEL 5,000,000 | 150,000
Methanation 2,124,000 85,360 Methanation | 2,124,000 | 85,360
Storage 500,000 30,000 Storage 500.000 30,000
Grid connection 532,770 - Grid 532,770 -
fee connection fee
Sum without 11,416,770 Sum without 8,116,770
funding funding
Sum with 45% 5,986,200 280,360 | Sum with 4,464,200 | 265,360
funding 45% funding
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Table 12: Techno-economic results of a S MWe power to gas plant in the aFRR+ market. (Own

table)
2020 2021
Production SNG [GWh] 7.83 8.42
FLH Electrolyser [h] 2,935 3,156
Electricity costs [EUR/a] 854,321 2,138,760
Revenues aFRR+ [EUR/a] 1,282,031 3,722,727
Revenues SNG [EUR/a] 783,000 842,000

Savings Heat [EUR/a]

28,600

Table 13: Total revenue per year of a S MWea power to gas plant in the aFRR+ market. (Own

table)
AEL 2020 | PEM 2020 | AEL 2021 | PEM 2021
Total Profits 375,850 135,000 1,822,000 1,533,000
[EUR/a]
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7. Discussion & Conclusion

This techno-economic assessment showed that even today a power-to-gas plant, using
the highly concentrated CO off-gas stream of a biogas plant to increase the
biomethane yield of the plant by 50% does not only make sense from the technical

point of view but also under certain conditions from the economic point of view.

The first and most important conditions is, that with today’s CAPEX for the
electrolyser and the methanation reactor a substantial funding (more than 40%) is
required to operate economically feasible. Without a funding, total investment costs
for a 5 MW, power-to-gas plant with a PEM electrolyser and a biological methanation
would reach almost 12 Mio. EUR. When investment costs will decrease as forecasted
in the literature, a power-to-gas plant can also sustain without funding. Also, the
exemption from electricity grid utilisation fees for the first 15 years is very important

to achieve profitability.

Even more important for a power-to-gas plant are the operating costs, especially the
electricity costs. Therefore, is it crucial to establish a procurement strategy for the input
energy. One way could be on the electricity market, with a floating tariff. With this
floating tariff according to the electricity spot market, the plant could benefit from
times with low or even negative prices. Unfortunately, in the last year, electricity prices
increased by over 300%. This tremendous increase is a substantial risk for the whole
business, therefore using the electrolyser also as a flexibility provider for the electricity
grid in terms of positive or negative control reserve energy can generate additional

revenues.

In terms of technology, the cheaper alkaline electrolyser is capable for secondary
control reserve according to literature, with the downside, that frequent load changes
and on/off operations can reduce the lifetime of the stack, or cause a higher heat
demand, so the stack does not cool off, when positive control energy is provided for a
longer period (meaning reducing the load to 0). The PEMEL has the advantage of the
smaller footprint, no harmful liquids and overload capacity, which could also be used
for offering even more secondary control reserve capacity than the nominal load or.
This short-term overcapacity, when designed accordingly, could also be used for

offering primary reserve energy.
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Regarding the methanation reactor, a biological methanation is preferred due to
synergies with the existing biogas plant (gas treatment, availability of digestate as
input biomass, Know-how) over a catalytic methanation. The biggest advantage of the
biological methanation is the flexibility in part load operation as well as on/off
operation and the higher technology readiness compared to the catalytic one. The
disadvantage would be a higher footprint. The total footprint for a 10 MW, AEL
power-to-gas plant with a biological methanation reactor is approx. 1000 m? according

to the manufacturer’s specification. This footprint must be kept in mind.

One main outcome of this assessment was, that providing positive control reserve
energy with the flexible electrolyser and using the gas grid via a methanation in
combination with a CO> as a storage, can counter high electricity prices. Reducing the
load of the electrolyser when the prices for positive control reserve are high can
generate enough revenues to compensate for very high prices and even generate profits
apart from the synthetic biomethane production. This reduction in SNG production
sacrifices the utilisation factor on the one hand, but on the other hand the plant would

not be sustainable otherwise, with reasonable prices for biomethane.

With the aim to take the next step in implementing such a power-to-gas unit at the
biogas plant Bruck/Leitha, further investigation in process design and plant layout
must be done in order to identify synergies with the existing infrastructure in terms of
heat integration, waste heat utilisation etc. Since the investment costs in the literature
showed a broad variance, it is crucial to get an idea about the real investment and
operating costs. With these costs, an energy procurement strategy can be implemented.
Especially a tendering strategy for the secondary control energy market must be
elaborated in order to achieve revenues from providing flexibility to the electricity
grid. This could also be another topic of a further master thesis, since it is one of the

most import issues.

Another big issue are the high investment costs, even with funding. Therefore, a power
purchase agreement with big utilities could be one way of financing the plant upfront,

since banks are not likely to finance such a project.

Anyway, first movers should step forward in order to do gain practical experience with
new but necessary technologies for achieving a sustainable and climate neutral energy

system. This power-to-gas plant could be one of these technologies.
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Appendix 1: Results of Scenario 1a.
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Appendix 2: Results of Scenario 1b.
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Appendix 3: Results of Scenario 3a for positive aFRR
with 2020 prices.

Scenario 3a: Very Low Electricity Price aFRR+ 2020
Day 50 EUR/MWh, Night 30 EUR/MWh
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Scenario 3a: Mid Electricity Price aFRR+ 2020
Day 135 EUR/MWh, Night 75 EUR/MWh
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Day 90 EUR/MWh, Night 50 EUR/MWh

300
250
200
150 L]
100 ®
50 o
L ]
0 L]
50
-100
o 1 2

LRGC SNG in EUR/MWh

LRGC SNG in EUR/MWh

e a0

* oo

3

4

Power-to-Gas Capacity [MWel]

Scenario 3a: High Electricity Price aFRR+ 2020
Day 180 EUR/MWh, Night 100 EUR/MWh
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Appendix 4: Results of Scenario 3a for positive aFRR

with 2021 prices.

Scenario 3a: Very Low Electricity Price aFRR+ 2021
Day 50 EUR/MWh, Night 30 EUR/MWh
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Scenario 3a: Low Electricity Price aFRR+ 2021
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Appendix 5: Results of Scenario 3a for negative aFRR

with 2020 prices.
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Scenario 3b: High Electricity Price aFRR- 2020
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Appendix 6: Results of Scenario 3a for negative aFRR

with 2021 prices.
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