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Abstract. Various industrial processes need hydrogen (e.g. steel production),
which is commonly produced by fossil energy sources and causes a high amount
of greenhouse gases. Hydrogen made of sustainably generated electrical power
with the Power-to-gas technology (PtG) can substitute fossil-based hydrogen.

Distributed generation (DG) of electrical power, e.g. Photovoltaic (PV), in
industry areas is increasing. Due to legal requirements, industrial companies must
install PV when they expand their premises. Large ground areas and roofs of this
buildings result high peak power of feed-in. An increasing shortage of fossil fuels,
such as natural gas because of the sanctions in the Ukraine crisis in 2022, also
increases the prices and economic risk which in turn makes PV even more attrac-
tive. The high feed-in peak power of PV force distribution system operators (DSO)
to reinforce the electrical grid. A smart grid approach to tackle this challenge is
the active balancing of feed-in on a local level, e.g. by PtG. In Germany economic
constraints impede so far the utilization of PtG as flexible load.

This contribution presents an economic comparison of the costs and the rev-
enue of electrolysis systems coupled with an electrical grid impact analysis based
on simulation results. Furthermore, balancing power at distribution grid level will
be considered. Using the data of a real industrial MV grid area near the city of
Ulm enable close realistic assumptions.

The analysis shows technical results by the grid simulation and economic
results. A result of the simulation is detailed data for loading of assets and voltage
values for grid operation. The amount and influence of grid reinforcement point
quantitative out technical reserve of robust constructed electrical MV grids and set
this in context of local PV potential. In comparison to that was with the simula-
tion demonstrated that flexible load (electrolysis) can be operated to avoiding grid
reinforcement. The economic analysis shows the value and allow a quantitative
comparison. Thereby was the electrolysis much more profitable than grid rein-
forcement. Different services and benefits of flexible operated loads were point
out in the conclusion, where the outlook discuss gaps in the approach and further
analysis that must be taken into consideration.
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1 Introduction

In 1990, the first Intergovernmental Panel on Climate Change (IPCC) assessment report
[1] point out a warning on manmade climate change as a problem with global con-
sequences. This problem has deteriorated in the past 30 years since 1990 because of
increasing carbon dioxide emissions [2]. Today the Paris clime agreement [3] is the
political framework where nations want to fix the targets to keep the global air temper-
ature below 1.5 °C, based on the global mean air temperature of the year 1990. The
current national targets and commitments of countries are insufficient to hold the goal
of the Paris agreement [4]. However, not only scientific organisations are warning pol-
icy makers. A movement based in the middle of the society walkout for activating the
national governance to act against clime change. The result is that Fridays for future
(FfF) [5] is now able to initiate a discussion in civil society, politics and business that
did not exist before.

Because of cheap generation prizes and ubiquitous availability of wind and solar
power, electricity will become the most common energy type [6, pp. 60–61]. With a
well-advanced substitution of fossil energy by renewable sources, storage solution will
be more and more important to balance demand and generation in the electrical sector.
Hybrid energy grids andmulti energy systems couple energy systems that were separated
in the past. That allow first to use the heat and gas sector as a power sink for electrical
surplus and second with increasing feed-in of renewable electrical power, as a storage
[6, pp. 70–71].

PtG is an essential technology for long time storage in scenarios with an amount of
more than 80% of renewable energy of the annual electrical consumption in Germany
[6, p. 70]. Decentralised energy resources (DER) in some German regions will exceed
an 80% share of renewables long bevor this will be reached in average in the whole
country. Therefore, the distribution grid will be a bottleneck for transporting the local
power surplus from low voltage level to the high voltage level. Urban areas in many
cases include electricity, gas and heat networks for distribution, to meet demand and to
accommodate generation. That makes them the optimal location to integrate decentral
sector coupling points like PtG.

The industry needs hydrogen for processes of producing goods e.g. in the sectors of
steel [7], oil refinery [8] and chemistry [9]. These sectors have no alternative to hydrogen
and emitted in total about 95 million tons of CO2-eq. in 2015 and 2016. There is a large
reduction potential that can be targeted today. Heavy-duty transportation, on road and in
ships, trains without electrification lines, long-range vehicles and working machines are
sectors where the substitution of fossil energy carriers is difficult. The energy density
of electrochemical storage and low capacities are not adequate to the requirements of
these sectors. Hydrogen could be a promising solution in combination with fuel-cell
technologies [10], [6, pp. 177–178].

All these influences also motivate German politics to discuss existing regulation for
PtG from a new perspective [11]. The interest of political authorities, on federal, state
and European Union level is increasing.

This paper is structured in six sections. Section 1 I presents a background to the
topic based on the regulatory framework and a literature review. Section 3 describes the
approaches followed to perform the analysis of this contribution. Section 4 shows the
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results of the performed simulations, whereas Sects. 5 and 6 focusses on the conclusions
and the outlook.

2 Background

2.1 Legal Framework for PtG in Germany

PtG is a coupling technology that enable the production of hydrogen gas based on
electrical energy and water. Through a further process step, methane can be produced
using CO2. In general, there are various application scenarios for the use of gas, e.g.
for mobility, production of goods, heat or electricity generation. In 2011, a preferential
feed-in of gas (hydrogen and methane) based on renewable resources was enshrined in
law, [12] §3 Nr. 10c.

In Germany for private customers the portion of taxes, levies and fees is at 51.4%
(year 2021) of the total prize for electrical energy, excluded grid utilisation charge [13].
The following exemptions are possible to reduce extra costs from taxes, levies and fees
for storage:

– Electrical power that was used in PtG can temporarily (20 years) be exempt from grid
utilisation charge [6, p. 826]. 24.5% from extra costs [13].

– The price of renewable energy that was consumed to produce gas by PtG can be
exempt to the renewable energy law (EEG) levy, if the gas will be again used to
generate electrical power [6, p. 828]. Thereby it is possible to use the public gas grid
for a balanced transportation. 20.4% from extra costs [13, 14].

– An exempt of the electrical tax is possible, if the electrical consumption are in close
distance to the electrical generator [6, p. 831]. 6.4% from extra costs [13].

– Value added tax (VAT) will be paid by costumers and is exempt for the PtG operator.
16% from extra costs [13].

Overall, the total price of electricity consumed by PtG could be reduced to 67%,
assuming residential customers and including grid utilisation charge. The price exclud-
ing taxes, levies and fees can be different for PtG. The regulation in Germany allows
companies that are also operators of PtG to conclude supply contracts or to buy their
electricity directly on the electricity exchange. Various products can be traded. Supply
contracts guarantee stable prices over a certain period of time. On the other hand, the
exchange could be more profitable, but is associated with a higher risk. Day-ahead and
intraday products are available on the exchange [15]. Frequency control reserve can
be traded in Germany via an online platform provided by the four transmission grid
operators [16].

2.2 PtG as Flexibility for Grid Integration of Renewable Energies

PtG is a technology that enables power transmission from the electrical sector to the
gas sector. Gas is no final energy but it offers the function of transportation, conversion
in heat and electricity as well as energy storage. Many devices for electrical and heat
generation use natural gas as fuel today. These conditions make a substitute natural gas
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(SNG) relatively easy to integrate in existing infrastructure. Compared to SNG, hydrogen
provide a higher efficiency, is much less clime gas effective and can be used in different
applications today.

There are three main hydrogen production technologies, which differ in their flexi-
bility: Alkaline electrolysis (ALE), proton exchange membrane (PEM) electrolysis and
high temperature electrolysis of steam (HTES). The most suitable technology for bal-
ancing fluctuating electricity generation from renewable energy is PEM electrolysis [6,
pp. 357–359], [17]. PEM electrolysis produces hydrogen of high purity. High purity is
required for many applications in the industry and medicine. PEM electrolysis is avail-
able in sizes in terms of kW to MW, e.g. [18, 19]. This power range is common in the
medium voltage level of distribution grids. The efficiency of the PEM electrolysis can
be increased to up to 90% if the heat loss is used to cover the heat demand. Temperatures
of up to 65°C can be achieved [18]. This heat can be used for space heating and fed
into many district heating networks. Due to the technical conditions, district heating is
spatially limited. Therefore, it is usually available in urban areas or near a main demand.

2.3 Business Models for PtG

Due to the importance of long-term storage, PtG has been investigated in numer-
ous research projects, papers and studies, e.g. [20]. Worldwide, a total of 56 projects
(24.1 MW electric) for hydrogen production were indicated in 2019.

Several business models for PtG have been published. E.g.: [21] provide analyses
of the impact on the economic viability when control reserve is included in the PtG busi-
ness model. The results show a significant reduction of costs for methane and hydrogen
production. However, the market design in Germany has been under development since
October 2014 [22, 23]. In [24], the effect of an integrated value chain was analysed. All
necessary resources (electricity, water and carbon dioxide) were available in the envi-
ronment of an existing pulp mill. In this case financial success was achieved. Therefore,
it was one recommendation that PtG markets would be in the transport sector and in the
chemical industry. In general, grid services and value chain are the two major aspects of
the economic viability of electrolysis and PtG.

Especially the value chain has a strong influence on which location PtG can be
economically viable. The impact of a PtG system on the grid environment is also an
issue that must be considered if a positive effect shall be achieved. In [25], an approach
is presented on how large scale battery storage systems (severel hundreds kW) can
be integrated into a distribution grid in a technically and economically way. A PEM
electrolyser can be similar flexible operated like a battery storage, however, without
generator operation. Therefore, this approach is also suitable for PEM electrolysis when
grid reinforcement due to feed-in power is necessary. With an ongoing energy transition
to renewable energy of the system, this condition increasingly occurs. [26] target also the
impact of PtGon the electrical grid and point out the advantage of a coupled consideration
in electrical and gas grid planning. In this paper, the impact of different business models
on the operation of PtG is analysed. Furthermore, results of a simulated medium voltage
(MV) electrical grid in an industrial area based on real data are presented.
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3 Methodology

This section describes the business models studied, analytical approaches and assump-
tions used to conduct the analysis of this paper. The reference year for electricity demand,
existing PV, rooftop potential, economic costs and legal regulations is 2020. The grid
infrastructure model is based on data from 2016 because of grid data availability issues.
However, most of the model data has been adjusted to current conditions based on infor-
mation from the grid operator. For electrolysis, PEM development is considered until
2030. Additional technologies required for modifying output products in case of e.g.
pressure or transport of gas have not been considered, excluded gas grid feed-in.

The approach of this paper combines an economic analysis and the grid simulation
method. The simulation for a whole year takes seasonal effects into account and allows
extrapolation of the results to the economic lifetime of the assets. The focus on the
MV grid allow results on the most relevant grid in the distribution grid. The detailed
economic analysis of the businesses considers all their input and output products.

3.1 Business Models

This contribution presents a fix business model combined in several installation scenar-
ios. To point out challenges of today’s regulation for electrolysis, conventional methods
will be compared to a best practice approach of costs for society. Thereby all in- and
out-puts of the electrolysis were involved, depicted in Fig. 1.

At one hand, consumed electrical energy consumed by electrolysis is themost impor-
tant economic value. On the other hand, hydrogen as the main product is relatively easy
to store. Therefore, it is possible to produce hydrogen when cheap electric power is
available or even grid services are required. Based on the principle of subsidiarity, the
following markets of the electric system have been prioritised. These principal priories
low operation levels of the electrical system and gain resilience on higher operation lev-
els. This enables robust operation of the overall system even if individual low levels fail
in operation. The frequency containment reserve (FCR) generally balances the electrical
system and is therefore a fundamental priority.

1- Frequency containment reserve (FCR): Flexible electric power will be traded at trans-
mission grid level and balances the electrical grid on system level, EnWG §13(1),
[12].

Fig. 1. In- and out-puts of the electrolysis
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2- Self-consumption (SC): Targets surplus electricity in the immediate surroundings of
the electrolyser, i.e. considering the feed-in of a surrounding PV and the consumption
at the connection grid point of PEM. This surplus electricity will be consumed by
the PEM in order to produce gas.

3- Local Balancing (LB): Targets surplus power in the distribution grid area around the
electrolyser, i.e. considering the feed-in and consumption in the surrounding grid
section in order to prevent local grid congestion in case of too high feed-in.

4- Spot Markets: Electric power will be traded at transmission grid level and consider a
relative short time frame.

A reference scenario containing the economic costs for the grid reinforcement, as a
common solution today for grid congestion, without considering flexible load manage-
ment provides the basis for comparing the economic approach with a future scenario. An
economically optimised operation of the electrolysis in the limits of today’s regulation
will not be part of this contribution, since the focus is on future scenarios.

The produced products on the output side of the electrolysis will be sold to different
markets. It is assumed that there is sufficient immediate consumption and storage capac-
ity for hydrogen, oxygen and heat. However, different markets in the three categories are
available including their limitations. The prioritization was done considering the eco-
nomic value and thier greenhouse gas reduction potential. The amount of the hydrogen
markets at Ulm are prioritized as described hereinafter:

1- Industry: Including metal processing companies, research and crafts to 2,599.7
MWh/a [27].

2- Mobility: One installed hydrogen gas station at Ulm with demand of approximately
39.4 MWh/a [27].

3- Gas grid: The amount of hydrogen in the gas grid was assumed to be a maximum
value of 5%of the annual demand and the total annual energy of natural gas consumed
in Ulm in 2020 [28]. It results an amount of 125,300 MWh/a hydrogen.

The amount of heat markets is assumed and prioritised as described below:

1- Local heating: this quantity is to be assumed for each individual consumer in the
vicinity of an electrolysis, which was localised during the network simulation.

2- District heating: The amount of heat that was consumed in district heating grid at the
city of Ulm is around 700,000 MWh/a, published by two grid operators [29, 30].

The amount of oxygenwas assumed to be 315,135Nm3 in 2018 based on information
from a large consumer of oxygen in Ulm [31]. No prioritisation was necessary.

3.2 Modelling and Assumptions of the Economic Analysis

Based on the previous subsections, business models were combined in the future sce-
nario. The flow chart, depicted in Fig. 2, couples the consumed energy of the electrolysis
in the different markets. This allows considering multiple markets and operation of the
electrolysis. The Table 1 give a description of the shortcuts in Fig. 2, which run for the
total number (n) of the every single electrolysis (x) and time steps (t) during the period
(p).
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Table 1. Shortcut description of Fig. 3

Description

EH2,max Energy that can be maximal consumed over the time step (t) by an electrolysis
system (x).

EPV Energy that was produced by a PV system.

EH2,SC Energy consumed by an electrolysis in a close area to a PV.

Eload Energy of the load of a consumer that is close to a PV operator.

F Factor that represents the normalized blocked power of the electrolysis for
frequency containment reserve (FCR).

EH2,LB Energy that might be consumed under the conditions of local balancing by the
electrolysis (x). Conditions are the normalised voltage (u) and asset stress (C).

EH2,FCR Energy that might be consumed under the conditions of FCR by the electrolysis
(x). Conditions are the grid frequency (f) [32].

EH2,SM Energy that might be consumed under the conditions of spot market by the
electrolysis (x).

u Normalized voltage. Operation voltage divided by nominal Voltage.

C Line and transformer stress. Operation power divided by nominal power.

For the comparison of the economic results of the scenarios, the net present value
(NPV) method was chosen in this paper [33]. In cooperation with a municipal grid
operator the database of this analysis was prepared as realistically as possible. The
assumptions for calculating the economic models are summarised below.

The general economic assumptions for the future and the reference scenario, which
are necessary to calculate the NPV, are listed in Table 2 WACC (weighted average cost
of capital) is the assumed factor for the calculation of the cost of capital to investors in
PEM electrolysis.

The reference scenario considers grid reinforcement of all assets operated under
critical conditions in the area in case of all potential PV is installed. The reference
includes PV potential. This includes costs for cable and transformer stations. A cost
assessment was carried out taking into account various sources [34, 35] which have been
evaluated in an interview with a distribution grid operator held in December 2019. This
allows the specific CAPEX to be used for the area under study. The cost of installation of
an MV cable in sealed urban areas is assumed to be 215 e/m. The price for transformer
is assumed based on [35]. The economic lifetime for all grid assets is assumed to be
30 years. The OPEX forMV cable andMV/LV transformer have been assumed based on
an interview with the local distribution grid operator held in April 2020. DSO generates
revenue through reversals in grid reinforcement and return on equity. This is set by the
German grid agency at 6.91%.

Spot markets were represented by data from the day-ahead market. The data was
provided by theGerman grid agency (dt. Bundesnetzagentur (BNetzA)) for the year 2020
[36]. The price is given in e/MWh in a time resolution of one hour. There, the energy
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Fig. 2. Flowchart for prioritized business models
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Table 2. General economic assumptions for the future scenario

Scenario Credit interest rate
[%]

WACC [%] Credit for CAPEX
[%]

Credit repayment
per year [%]

Future 3 4.5 90 4.5

Reference 3 4.5 100 3.33

Table 3. Economic assumptions regarding PEM electrolysis

CAPEX [e/kW] OPEX [e/kW/] Total lifetime of cell stack[h]

811.26 [20, p. 175] 11.31 [20, p. 44] 60666 [20, p. 41]

consumed is remunerated, in the case of FCR and local balancing (LB). In addition to
the market price, various additional costs are required, which are considered [13]:

– Concession fee: 0.0166 e/kWh
– Offshore liability levy § 17 f EnWG, special consumer levy §19 StromNEV, levy for

disconnected loads §18 AbLaV and CHP (combined heat and power) levy: 0.00109
e/kWh

The transmission system operator will require the Frequency containment reserve
(FCR) to balance frequency in the electrical system. The price will be determined by a
merit order of the offered prices and required control reserve. This mechanism as well
as the prequalification is not modelled in detail in the paper. 15% of the nominal power
of the PEM was blocked to ensure the availability of FCR. The PEM was operated with
15% to ensure flexibility only in negative direction and will be able to produce relative
constant output. Positive FCR will be provided by other electrical generation devices
in the FCR operator’s pool, e.g., fuel cells, CHP or gas turbines, which have not been
modelled in detail in this paper, too. The electrical energy that was consumed to provide
power for FCR will be traded with the price of the spot market. Historical price data
for FCR was provided by the transmission grid operators [16]. The prices are given in
e/MW and for the time slice. In the second half of 2020, the time slice for bidding was
changed from 24 h to 4 h. This significantly reduces the specific price per slice. For
the analysis in this paper, a specific price per 15 min was calculated based on linear
interpolation.

To evaluate the value of local balancing (LB) this contribution considers costs for
conventional grid reinforcement (reference scenario). Only reinforcement that can be
avoided by local balancing gain value. Gained value will be allocate as a compensation
on the total number (n) of electrolysis (x). The allocation was calculated based on energy
and power of the PEM during the time-period (p). This approach was general described
in Eq. (1).

CLB(x, n) = CLB,annual ·
(
0.5 · EH2(x)

EH2,tot(n)
+ 0.5 · PH2(x)

PH2,tot(n)

)
(1)
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– CLB, is the compensation that will be paid to the operator of an electrolyser that
provide local balancing grid services.

– CLB,annual is the sum of all costs for grid reinforcement that has to be avoided in
the area per year. The total investment costs for grid reinforcement were split in
equal pieces using annuities under condition as outlined in the bullet point “reference
scenario” in chapter B Business Models.

– EH2 is the sum of electrical energy that was consumed by the electrolyser (x) during
the year.

– EH2,tot is the sum of electrical energy that was consumed by the total number
electrolyser (n) during the year.

– PH2 is the annual mean power that was consumed by the electrolyser (x).
– PH2,tot is the sum of the mean electrical power that was provided by the total number

electrolyser (n).

Nonetheless, the consumed electrical energy of the electrolyser must be paid in a
regular way at the spot markets.

The price of the PV surplus for self-consumption (SC) by the electrolyser will be
determine based on the feed-in-tariff. The German grid agency (BNetzA) provides data
of the feed-in-tariff for different power levels, in monthly time resolution [37]. The price
was assumed based on the current level (07/2022) for PV from 40 to 750 kWp (0.051362
e/kWh). Extra costs were calculated as described in the section of the spot market.

Additional to electrical power, water is needed to run a PEM electrolysis. Water is
available from the water grid at Ulm. The price has two parts: a base- and an amount-
price. The base price depends on the coupling diameter of the pipe and is assumed to be
107.03 e/a. The amount-price depends on the consumed cubic meters of water and is
1.82 e/m3 (including taxes) [38].

PEM electrolysis technology is not very common in the energy system up to now.
Based on [12, 20, 21], scenarios of the technological development for today, 2030,
2050 and different power levels (1 MW, 10 MW and 100 MW) are available. In this
contribution the electrolyserwill be represented by the values for 1MWand the estimated
technological progress of year 2030. The economic lifetime will be calculated by the
number of full load hours of the year and the total lifetime in hours. Divide the annual
consumed energy by the nominal power of the electrolysis, it results the full load hours.

The price for heat at the district heating gridwas researched at an interview held in
December 2019, with a distribution grid operator to 20–38 e/MWh. In this contribution
a price of 0,025 e/kWh was assumed. In addition, a price for grid coupling is necessary.
This price is the same one that heat consumers have to pay and depends on the thermal
power [12].

Local heat from the electrolysis will enable to substitute fossil-based heating of
buildings in the direct neighborhood. The price of heating energy will be assumed to the
price of substituted natural gas offered by the local distribution system operator (DSO).
There are two parts of the price, an energy- and a base-price, which are 0.0542 e/kWh
and 154.68 e/a, respectively [39].

The price for hydrogen used in mobility is fixed to 0.1815 e/kWh in Germany,
based on a voluntary agreement of gas station operators, e.g. [40].
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A price for hydrogen in the industry sector is difficult to assume. There can be a
wide spread of the price, depending on different factors, like distance for delivery, amount
of take, gas quality and type of delivery (e.g. gas bottles, tank). For this contribution a
survey in December 2019 was started. The result was a number of answers from gas
dealers and hydrogen using companies. None of themwants to be named in public for the
prices. Based on this information, a price of 0.2e/kWhwas assumed in this contribution.
That includes a delivery distance of 250 km, delivery in tanks, technical quality and a
draw-off of 2000 Nm3 per month.

For feed-in of hydrogen at the gas grid a specific price of 0,0542e/kWhas substitute
for natural gas was assumed [39].

Prices for Oxygen are similarly difficult to be assumed like hydrogen. There is
no common energy related usage today. Main applications are in chemical industry
processes and medicine sectors. There are similar price-influencing factors like in the
field of hydrogen. An interview, held in February 2020with a number of local consumers
in the fields of research and medicine, results in an oxygen price of 0,1495 e/Nm3 for
storage in tanks [31].

3.3 Modelling and Assumptions of Grid Impact Analysis

Considering the economic boundaries and the operation for technical grid services for
PEM electrolysers, the grid impact analysis was done. The setups and assumptions for
the simulations are summarized hereinafter.

A quasi-dynamic simulation was conducted using the software PowerFactory and
considering a time resolution of 15 min. The current existing PV led to no surplus
power for usage at electrolysis. The results were conducted for the reference and future
scenarios described above, in Sect. 3.2

The grid simulation was performed using real medium voltage (MV) grid data for
an industrial area at Ulm (i.e. Donautal). The grid is fed by HV/MV transformers and
has a ring network characteristic. The MV-grid is connected to 100 MV/LV transformer
stations (TS) including 174 transformers and it has 76.5 km of underground cable lines.

The characteristic of existing load and feed-in profiles were gained by registered load
measurement (RLM) as well as scaled standard load profiles (SLP) for the year 2020.
The annual energy amount of the analysed meter profiles is classified in 15.2% of SLP
and 84.8% of RLM. If the annual energy of potential PV were taken into consideration,
the part of RLM decrease to 18.7%. Twelve different SLP types were used. At TS were
four main group located, load and DER with SLP and RLM. In addition, the SLP were
split in subgroups per SLP type. The allocation of the DER and load data to the TS
was done with the approach of the shortest distance of the load and DER to the TS (i.e.
nearest neighbour approach).

Potential of future PV were assumed with data of the ground area of the buildings
in the industrial area (A) usage factor (APV/Aroof) of 0.55 [41] and a module efficiency
of 5 m2/kWp. The annual energy production of the potential PV was calculated to 911
kWh/kWp based on meter data of 2282 existing PV in the city of Ulm and the year
2020. The characteristic was calculated in the same way as SLP of existing PV. The
allocation of the PV to the TS was also done with the nearest neighbor approach. There
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were in total 221 PV systems with a nominal module power of 65.4 MWp included in
the simulation model. Figure 3 visualizes the additional potential PV power.

PEM electrolysis at the position of a critical TS is connected to the low voltage (LV)
bus bar of the TS for self-consumption. This avoids local transformer reinforcement. On
the MV bus bar of the TS an additional power is connected, to consume feed-in power,
which potentially overload MV lines from previous TS and FCR. The total nominal
power of electrolysis is calculated from the maximum power at the TS (MV + LV)
during the period. The resulting characteristic of the electrolysis was rounded to full
100 kW and were also considered for the economic modelling [20]. Table 4 list an
overview for operational data of the electrolyser. The fast and flexible operation is the
base for dynamic grid services. The efficiency was used to calculate the hydrogen and
oxygen production.

The positioning of the PEM electrolyser was done based of the analysis of the
current grid, taken the PV potential into consideration. The analysis of this contribution
focuses on theMV grid. Therefore, in the reference and the future scenario only TSwere
considered, which were also connected to MV lines that are overloaded. In addition to
Fig. 2, the approach of modelling power consumption for the PEM electrolysis is in
detail described for SC, LB and FCR hereinafter.

Self consumption (SC) will be triggered in cases of surplus nearby the PEM elec-
trolysis. This was done by taking the potential PV (EPV) and load (ELoad) with the nearest
neighbour method at critical TS into account. Equation (2) show this approach.

E(x, t)SC =
{
E(t)PV − ELoad if ELoad < E(t)PV
0 otherwise

(2)

Fig. 3. Maps for visualization of current PV power (left) and additional potential PV (right) as
red circles. Gray area is the industrial area of Donautal.

Table 4. Technical assumptions regarding PEM electrolysis

Nominal hydrogen efficiency [4] 62% (4.8 kWhel./Nm3)

Dynamic range [20] < 5% - 100%

Warm start time [20] 0.33 min

Cold start time [20] 4.3 min
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Local Balancing (LB) of the PEM electrolyser was added to the model based on the
grid simulation including the PV potential. The necessary load flow, to avoid overloading
of current lines and TS, were fundamental to avoid local grid reinforcement. To ensure
availability of LB for every time step, the higher value from self-consumption or local
balancing was used in the calculation.

The regulationmechanism of frequency containment reserveFCR is modelled based
on the regulatory framework [42]. The time resolution for the grid simulation is 15 min.
Therefore, FRC ramps and mechanism below 15 min will not be considered in this
model. Transmission system operators (TSO) provide measured data for the frequency
(f) in a resolution with one second [43]. Missing values in the raw data were linear
interpolated. To use the data in combination with the resolution of the grid simulation
the mean of 15 min for positive and negative FCR separate was calculated, considering
boundary limits of the linear regulation. This ensures that the integral of the 15 min time
slice is still equal to the one-second frame in 15 min. Equation (3) represents the ramp
of the normalized FCR power (FFCR). The FCR power was subtracted with the blocked
power. This results in the total FRC operation power.

F(x, t)FCR =
⎧⎨
⎩
1 if f (t) < 49.8Hz
f (t)−49.99

0.19 if 49.99Hz > f (t) > 49.8Hz
0 if f (t) > 49.99Hz

(3)

4 Results

4.1 Grid Impact Analysis

A first simulation of the recent grid showed that the grid must be updated. This will
be necessary because of PV installations and loads from the period from the year 2016
to 2021. The grid was modelled based on data from the year 2016. It was necessary to
add at 5 TS, 9 additional transformers. A standard transformer with a nominal apparent
power of 630 kVAwas included. Adding the potential PV to the updated status quo in the
area, it results that 23 TS must be updated with additional 74 transformer. In sum, 3 km
lines are overloaded or have critical voltage levels. Lines were reinforced by multiply
their number in parallel.

In the reference scenario 2 TS were identified and in sum 3 transformer and 3 km
lines were reinforced. In the future scenario 2 PEM at this 2 TS were included, which
avoid the grid reinforcement from the reference scenario. The PEM electrolysis has a
nominal power of:

– PEM1: 5,900 kW
– PEM2: 3,700 kW

The so located TS fix also the position for PV surplus and heat demand that was
considered for SC and local heat.

The grid analysis reveals the total power that was fed-in to MV grid at the general
calculation element of the grid simulation model (slack element). The comparison of
the future and the reference scenario showed a reduction of 19% (9.0 MW) of the max
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reverse power during the year. The feed-in power increases up to 23% (2.3 MW). These
are important indicators for the TSO, which must deal with an increasing number of MV
grid areas reverse powers during times with high PV generation. Figure 4 depicts the
total load flow.

The comparison of the mean day of the year of the total power shows, that the
maximum power was reduced mainly during the noon of the day. Almost all the time
the load flow switches with a relative constant value to consumption. This is illustrated
in Fig. 5.

The grid was analysed through simulations, considering a max permissible voltage
deviation of±3%.The rest of the voltage tolerance band (i.e. 10%) is for the transmission
grid and other distribution voltage levels. The comparison of the analysis of the two
scenarios for the maximum and minimum voltage at the simulated MV grid show a
different characteristic. Figure 6 depicts the future scenario which alternates around
1.018 p.u. for maximal and 0.985 p.u. for minimal voltage during the year. The maximal
voltage at the reference scenario is relative constant at 1.022 p.u. with strong voltage
fluctuation during days with PV feed-in which result to higher maximal values of 1.029
p.u.. The Ref. Scenario has a narrow range for voltage changes, since grid reinforcement
reduces the grid impedances, and thus reduces the sensitivity to power changes during
the year. However, the PEM can also lint the voltage deviation, when it has the right
control strategy.

Fig. 4. Simulated annual total load flow at the slack element (i.e. HV/MV TS)

Fig. 5. Simulated total load flow as average day of the year at the slack element (i.e. HV/MV TS)
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Fig. 6. Box-plot of the maximum and minimum voltage for the reference and fututre scenario
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Fig. 7. Comparison of the output energy per market

The amount of energy that was provided at the different markets of the 2 PEM
electrolyser is depicted in Fig. 7. The number of PEM split the total energy amount
of the market for industrial hydrogen. It reveals in detail, that PEM 2 delivers greater
portions of hydrogen to the industry. H2-mobility and local heating has no significant
part. For both, it depends on the small market amount in relation to the other market.

The electricity generated by the PV that was consumed by the PEM electrolyser
due to SC and LB is credited (46%) as green hydrogen. Electricity that comes from
the German electricity mix and is consumed due to FCR (54%) is allocated to yellow
hydrogen.

4.2 Economic Analysis

For the reference scenario the number of additional transformer and lines economic were
rated using the approach described in Sect. 2.3

Taking into account the operating time of the cell stacks, 25 years of operation were
calculated. The grid assets at the reference scenario are assumed with an economic
lifetime of 30 years. An analysis of the cumulated cash flow, depicted in Fig. 8, show the
outcome for PEM1 and PEM2 that represent the electrolysis at the future scenario and
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Fig. 8. Comparison of cumulated cash flow of electrolysis

Fig. 9. Net present value (NPV) for the electrolysis of the future scenario and the reference
scenario

the grid reinforcement of the reference scenario. Starting in year one all scenarios gain
positive cashflow. PEM2 gain the highest values per year. This leads also to the highest
NPV over lifetime. This can be explained with the large share of industrial hydrogen
by PEM1. Industrial hydrogen gains the highest specific value per kWh of the output
products. Hydrogen feed-in to the gas grid gain much less value. The reference scenario
profit from the longer lifetime but achieve a much lower result than PEM1 and PEM2.

Considering the WACC for the net present value the results depicted in Fig. 9 was
calculated. The electrolysis achieves a very positive result, while the reference scenario
achieves a just positive result.

An analysis of the power that was not in operation during the year by the electrolysis
show, that it was able to provide also positive FRC (increase operation power). If that
power could be used, it will lead to addition hydrogen production, without additional
flexible power. This can makes the electrolysis even more profitable.

5 Conclusions

This contribution analyses the profitability of a business case for PEM electrolysis,
which consider different markets. It points out that the amount of regional markets and
the value of the output products and prices for input goods has a strong influence on the
economic success. Based on the research and assumed prices the studied systems can
be economically viable compared to reference solutions.

The electrolysis consumes the surplus power of PV locally, whereas grid reinforce-
ment enables the transport of power to higher voltage levels. If many distribution grid
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areas will do that, the surplus power accumulate at the transmission grid level up to criti-
cal values and additional grid reinforcement in the transmission grid would be necessary
later. That make power balancing direct at distribution grid level more effective.

On the other hand, the risk of operation of electrolysis is during lifetimemuch higher
than for grid reinforcement. Many different influences (e.g. price for output produces,
electrical prices or disturbance during operation) can affect the economic viability of
the system. In comparison, the business of grid reinforcement is very reliable and gain
constant income for DSOs.

Manymarkets that have taken into consideration at this contribution are under strong
influences of global trends today (2022). Gas and electrical prices increase more and
more were development of electrolysis effect CAPEX and efficiency positive.

Today, local balancing is affected by a price increase for grid reinforcement and a
less availability of assets (e.g. cable and transformer) at market. This makes it even more
important to use alternative approaches, like flexible operated electrolysis, to tackle an
ongoing installation process of generation units at distribution grids.

FCR is good to increase operation hours of the electrolysis. This is possible if only
negative power is provided. This makes it necessary to gain a well-balanced pool of
technical units that can also provide flexible generation for positive operation, e.g. CHP.
Finally, units and devices gain value during active operation and lose value when they are
in idle operation. Blocking such resources only for a few hours per year is not effective
and can be very expensive. Flexible operation of a pool of demand and generation units
need a smart operation to ensure an efficient dealing with resources. For example, it
makes no sense to reduce electrical generation of PV and wind power while combustion
generation units runs consuming fossil fuels. The fuel, which was used in combustion
units, should be produced based on surplus power of PV and wind power, such as the
gas generated by electrolysis.

Increasing prices for natural gas makes it more attractive to feed-in hydrogen to
the gas grid as substitute. Prices for PV are mainly influenced by CAPEX. Therefore,
electricity generation costs are not affected by price increase of fuels (e.g. natural gas)
like combustion units. This trend affect the economic success of electrolyser in general.

Hydrogen, which was fed-in to the gas grid, can be used at other areas to provide
fuel for power generating units. These units are flexible in operation and can provide
additional power in times with less feed-in from PV and wind power.

Additional invest could be necessary to sell hydrogen at the different markets as
the ones considered in this paper. Industrial requirements of hydrogen can be different
from the assumptions that has made in this paper. For example, hydrogen in the field
of mobility need gas stations to be refuel to vehicles. Therefore, at this point no final
conclusion canbemade to evaluate the economic environment of hydrogen. Furthermore,
more economic details has to be taken into account.

6 Outlook

Some assumption in this contribution were researched during interviews held the year
2020. The pandemic makes it difficult to making progress during this time. Given the
current situation and the impact on the economics of electrolysis, further analysis is
needed.
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Hydrogen has become even more under the focus by companies and governance in
the last years. More and more electrolysers were installed in development projects by
companies in Germany, transmission system operator (TSO) develop roadmaps for a
hydrogen-backbone and negotiations were held with North African countries to supply
hydrogen at Southern Europe. This trend will be considered in further analysis of the
topic of this paper.

The data of grid model will be updated based on actual data of the DSO. Further
analysis will use a nearest path approach, instead of nearest neighbour, to include meter
data at the MV grid model. These both updates will increase the quality of the analysis
significantly.

The updated gridmodel will be used to analyse additional trends like electromobility
and battery storage. Because of large parking spaces at industrial areas, electro mobility
has a strong effect on load flow. In addition, PV in combination with local batteries can
strongly affect the load flow.

A sensitivity analysis of the business cases to analyse the profitability of the different
markets can be the base to optimise the economic operation of the electrolysis. Such
analysis should be conducted later.

Grid reinforcement will be analysed with the consideration of the local situation and
take e.g. space for additional TS into account. Actual and less blanket prices of assets
will enable a more realistic base for the economic calculation of the reference scenario.
In addition, the details of the regulated market for grid operators will be considered in
further analysis.

Not least, markets on research level will be taken into consideration. Local markets
for flexibility were developed during research projects (e.g. C/sells). Block-chain and
Peer-to-Peer are trends that allow direct trade between operators of generation units and
consumer of electric power. These newmarkets and approaches enablemore subsidiarity
in the electrical energy system and can strengthen people’s encouragement for the energy
transmutation toward renewable energy.
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