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Abstract 

Within this work, we investigate how the PV-induced strain of rural 110 kV power-grids can be relieved through hydrogen 

production via electrolysis. Therefore, we simulate a PEM-electrolyzer in the vicinity of large PV-plants and vary its capacity. 

The produced hydrogen is subsequently transported to the high-level gas-grid. Due to gas-grid standards, a maximum H2 

concentration of 10 Vol% is allowed. However, due to its high capacity, the gas-grid can incorporate H2 from PV-power 

generation, even in time frames when the 110 kV grid is not able to do so. In the work, we perform a techno-economic 

analysis on this H2-based grid congestion mitigation approach. Therefore, we gathered cost information for the PEM, the 

balance-of-plant components of the H2 sub-system as well as for the H2-pipeline from scientific literature, considering future-

prices for 2025. Our results show that site-dependent leveraging effects occur. This means that with the installation of an 

electrolyzer with a certain capacity, up to 7.5-times higher PV-capacities can be installed without grid-congestions. Smaller 

electrolyzer installations turned out to be more efficient. The cost perspective shows that the investment costs for the H2-based 

grid congestion mitigation approach evolve to be in the same order of magnitude as for classical grid-reinforcement. 

 

1 Introduction 

2019, around three-quarters of the newly installed 

worldwide electricity generation capacity, was from 

renewables. PV-power accounted for 55 %. [1] This trend 

can also be seen in the Austrian electricity grids: The DSO 

Energienetze Steiermark GmbH, for instance, faces recent 

installation requests for large free-space PV-plants. Since 

those plants should be built mainly in a region with low 

population density, only a minor share of the energy from 

them can be consumed locally. Especially in time frames 

with high solar irradiation, power-flows towards the 

TSO (380 kV) / DSO (110 kV) interface occur, leading to 

significant grid-strain in the high-voltage (110 kV) grid: 

Since the affected 110 kV grid was originally intended 

only to supply a rural region, the applied line cross-

sections are by far not sufficient to carry the PV-induced 

power-flows without overloads. To avoid grid congestions, 

the classical mitigation approach is grid expansion and 

grid reinforcement, respectively. Within this work, we 

introduce and investigate a novel approach to avoid power 

grid overloads through PEM-electrolysis-based hydrogen 

production in the vicinity of the large PV installations. The 

produced hydrogen is injected into the high-level gas grid.  

1.1 State of Research 

Hydrogen production via RES-powered electrolysis is one 

of the most cited recent research topics. It allows for the 

cross-sectoral use of RES-power and enables the high 

capacities of the gas infrastructure as seasonal power 

storage. 

Recent literature deals often with the economics of Power 

to Hydrogen installation. Investigations on the economy of 

scale, cost-down curves, or the influence of fluctuations in 

electricity prices point out that Power-to-Hydrogen is 

already economically feasible for niche applications but 

not for mass-use (c.f. [4,5]). Another broadly investigated 

topic is the operation- and design optimization of single 

Power to Hydrogen facilities with and without storage-

units [8]. Korpas et al [6] use generation forecasts and 

receding horizons to optimize the electrolyzer operation on 

day-ahead markets. Pan et al [7] for instance combine 

stochastic- and robust optimization methods to develop 

plant-designs to cope with the uncertain seasonal 

fluctuations of both demand and generation. Also, the 

implantation of power to hydrogen into larger energy 

systems is a matter of scientific discussions. Welder et al 

[9] for instance investigate how Power-to-hydrogen can be 

implemented into the German energy system. On a multi-

node approach, they develop a cost-optimal design, using 

the produced hydrogen for industrial- and mobility 

purposes. However, the influence on grid congestions is 

not addressed. This point addresses Clegg and Mancarella 

[15], based on a simplified gas- and power grid of Great-

Britain. Due to this simplification, the impact on real-life 

grids can only be estimated. 
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1.2 Research Questions and Structure of the work 

Concerning the avoidance of grid strain through Power to 

Gas, to the best of our knowledge, the following research 

questions remain open: 

1. How much additional PV-power can be installed 

in real-life 110 kV grids without grid-congestion 

in dependency of  

a. PEM power? 

b. PEM location? 

c. PEM operation strategy? 

2. How is the investment cost situation in 

comparison to classical grid-reinforcement? 

3. What Levelized-Cost-of-Hydrogen (LCOH2) can 

be achieved in dependency of full-load hours, 

electricity prices, and heat sales revenues? 

To answer those questions, we have structured our paper 

as followed: In Section 2 we firstly describe the applied 

methodology for modeling and assessment. Secondly, 

section 3 deals with the investigated case-study: After the 

introduction into the problem at hand, we present technical 

results as PEM full-load hours, PV-to-PEM-power ratios, 

etc. as well as economic results as investment-costs or 

Levelized-costs-of-hydrogen and discuss them. In 

section 4, finally, we conclude our work. 

2. Methodology 

2.1 Multi-Energy-System Modeling in HyFlow 

For all simulations, we apply the in-house developed 

software package “HyFlow” [2,3]. "HyFlow" allows for 

power-flow calculations not only in the electricity- or gas-

grid but cross energy-carrier power-flow calculations, 

respectively. For cross-energy-carrier transports, coupling 

elements are applied. In this work, we use therefore an 

element representing a PEM electrolyzer with an energetic 

conversion efficiency ηPEM of 75  % [13-14].  

2.2 Economic Assessment 

For economic assessment we apply classic Levelized-cost 

calculations according to Short et al [11], taking into 

account specific CAPEX and OPEX as well as costs for 

electricity. The latter include energy costs of 3 ct/kWh as 

well as grid-service charges of 1,15 ct/kWh. For the 

specific CAPEX and OPEX of the most relevant 

components, we applied the values from Table 1 [13-16], 

which assume the cost-situation in 2025.  

Table 1: Specific CAPEX and OPEX  

Component CAPEX OPEX 

PEM 800 €/kW
el
 3 %/a CAPEX  

H
2 
Pipeline 500 €/m  1 €/(m a)  

H
2 
Compressor 1500 €/kW

el
 2,5 %/a CAPEX 

In the Levelized-cost of hydrogen (LCOH2) calculation, 

the PEM and the hydrogen compressor are depreciated 

over 12 years, the hydrogen pipeline over 30 years. 

Therefore we apply a discount factor of 4 %. 

3 Case-study 

3.1 Description of the investigated case-study 

Figure 1 depicts the grid area under investigation. It 

comprises a rural 110 kV grid system, with a ring-network 

structure. The grid is designed to transport power from a 

higher-level 380 kV system to customers distributed over 

the area, with a  relatively low power demand in total. In 

the investigated area, PV installation requests with a total 

capacity of more than 600 MW exist. The substations (SS) 

LF (184 MW), BH (191 MW), and OG (182 MW) are the 

most affected.  
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Figure: 1 grid-area under investigation 

To investigate the influence of Power-to-Hydrogen on the 

relief of grid overloads, we simulate a PEM electrolyzer in 

the substation OG and vary its capacity from 17,5 MW to 

227 MW. The produced hydrogen is transported from the 

substation OG toward the high-level natural gas pipeline 

SL and injected directly. In the high-level gas grid, we 

assume a maximum H2-concentration of 10 Vol% [12]. 

Taking into consideration a minimum natural gas volume 

flow in the pipeline SL of around 100.000 Nm³/hr (e.g. 

Figure 2) leads to a maximum hydrogen injection capacity 

of around 40 MW. With the given efficiency (75 %) a 

maximum PEM capacity of 53 MW occurs. However, 

applying a hydrogen-storage allows for higher PEM 

capacities. 
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Figure 2: time-resolved natural-gas volume flow in the 

high-level gas pipeline SL 

In our study, we control the PEM electrolyzer in substation 

OG based on the residual-load Pres (e.g. Equation 1).  

Pres(t) = PLoad(t) – PPV(t)    (1) 

Two operation strategies are applied: In operation 

strategy 1 we consider the residual-load of the overall area 

under investigation. If the residual-load Pres turns negative, 

meaning that the PV-production exceeds the electricity 

demand in the area under investigation, the electrolyzer 

turns on. Otherwise, the electrolyzer remains off. 

Operation strategy 2 is similar but considers for turning the 

PEM on- and off, only the residual-load of the sub-stations 

OG and BH.  

3.2 Results and discussion 

Figure 3 shows the maximum deployable PV capacity per 

substation. Without any measures to reduce strain, the 

existing grid bears around 200 MW of PV installations. 

With a 17,5 MW PEM installed in the substation OG, the 

maximum PV installations increase up to around 320 MW, 

mainly due to additional PV plants feeding power into the 

substations in close vicinity of the PEM-site (Substation 

OG and BH). Higher PEM capacities continue this trend 

till a PEM with a capacity of 52,5 MW produces as much 

hydrogen to reach the 10 Vol% H2-limit of the pipeline SL. 

Compared to the 17,5 MW PEM only sightly higher PV 

power can be integrated. With a PEM power of 227 MW, 

the maximum electrolyzer-induced grid-relieve is reached, 

allowing for around 500 MW of PV. Any further PEM- or 

PV capacity increase leads to congestions somewhere in 

the power-grid. Even in that case, the remote substations 

LF and HH, which face also huge PV requests, are only 

rarely relieved.  

The reason for this effect is that the grid capacity is not 

sufficient to cover the additional load-flow to transport 

energy from those substations to the substation OG. It also 

needs to be mentioned, that this case makes huge hydrogen 

storage capacities necessary. 

20 20 20 20 20 20 20 20

184

94 76 59 59 59 59 55

191

182
161

110 99 94 81

16

44

22

22

22 22 22 22

22

182

182

182

182
157 142

135

72

0

100

200

300

400

500

600

P
V

 p
er

 S
ub

-S
ta

tio
n 

in
 M

W

MER + FUER FEL HLB HOH GOS

Maximum 

PV requests

Grid

limit
PPEM

17,5 MW
PPEM

35 MW

PPEM

52,5 MW

PPEM

87,5 MW

PPEM

175 MW

PPEM

227 MW

PPEM, MAX = 227 MW

Limit SL

MM and FF LF BH HH OG
 

Figure 3: Maximum PV-installations per substation (SS) in 

dependency of the PEM capacity in substation OG 

However, the operation-strategy influences the maximum 

deployable PV capacity only minor. The main influence of 

the operation strategy is on the PEM electrolyzer's full-

load hours of operation (e.g. Eq.2). Figure  4 discusses this 

for the investigated PEM capacities is substation OG: 
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Figure 4: Influence of the operational strategy on the 

PEM’s full-load hours. 

Operation strategy 2 that takes into account only the 

residual-load of the substations OG and BH, leads to 

significantly higher full-load hours. The effect increases 

for smaller PEM capacities: With a 17,5 MW PEM, 

operation strategy 1 leads only to half of the full-load 

hours of operation strategy 2. With a 227 MW PEM, the 

difference between the operation strategies is only around 

30 %.  

The reason for this behavior is that with the consideration 

of a smaller spatial area in operation strategy 2, negative 

residual-loads occur more often. Consequently, the 

electrolyzer turns on more frequently.  

   (2) 

The PEM full-load hours follow Equation 2. If we 

compare the influence of the operating strategy as a 

function of the PEM power, we see that at higher PEM 

capacities PPEM in operating mode 2, the increase in PV-

induced negative residual energy Wres, neg no longer occurs 

to the same extent as at lower PEM powers. This explains 

the above-mentioned large influence of the operating 

strategy, especially at low PEM capacities. 

Table 2 compares results for 17,5 MW and 52,5 MW PEM 

installations. Detailed data on additional PV-Power, which 

means the difference between the existing grid-limit and 

the maximum possible PV-power with PEM grid-relief, is 

given. Also, full-load hours of the PEM, PEM electricity 

demand, amounts of hydrogen production, and maximum 

amount of heat recovery are shown. The ratio between 

PEM capacity and additional PV Power turns out to be 

especially interesting: The ratio is around 3,3 for a 
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52,5 MW PEM. With a small PEM installation of 

17,5 MW, the factor rises to around 7,5 whereas a PEM 

with 227 MW only allows for 1,4 times more additional 

PV power. These results, together with the rising full-load 

hours facilitate the message, that smaller PEM capacities 

turn out to be more beneficial. 

Table 2: detailed operational data for 17,5 MW and 

52,5 MW PEM installations 

P
PEM

 17,5 MW   52,5 MW  

Add. PV-Power 132 MW  172 MW 

Full-Load hours 

PEM  
Operation Strategy 2 

3.008 h 

 

2.598 h 

Electr. Demand 

PEM 
Operation Strategy 2 

52,7 GWh 

 

136,4 GWh 

Produced H
2
 

η
PEM

 = 0,75 

1002 t/a 

≙ 39,5 

GWh 

 2608 t/a 

≙ 102,3 

GWh 

Max. heat 

recovery 
Low-temp. Heat, 65°C 

η
PEM,Heat

 = 0,2 

Up to 10,5 

GWh 

 

Up to 27,3 

GWh 

The 52,5 MW PEM allows for up to 27,3 GWh, the 

17,5 MW PEM for up to 10,5 GWh of possible heat-use. 

Since the PEM operates at low temperatures, appropriate 

heat-consumer must be taken into account. Due to the 

temperature level of 65 °C, modern low-temperature 

district heating systems may be suitable. Taking into 

account an average heat-demand of 10 MWh/a for a 

single-family household, the 52,5 MW plant can supply 

around 2730 units, the 17,5 MW plant around 1050 units 

respectively. Especially the latter seems to be possible, 

concerning the settlement structure in the vicinity of the 

PEM-site. However, the presented numbers take only into 

account energetic heat potentials and –demands. The time- 

and power-difference between them make further 

investigations necessary.  

Besides the technical analysis shown, our work presents 

results from economic investigations on the task at hand. 

Firstly, table 3 shows the investment costs for PEM-

electrolyzer sites from 17,5- to 52,5 MW. Whereas the 

PEM investment scales linearly with the plant capacity, the 

compressor- and the hydrogen pipeline cost are 

independent of power and stay constant. The total 

investment costs range from 21,7- to 55,1 Mio. €. With 

rising PEM-capacity, the investment-share for the PEM 

increases relative to the shares of compressor and pipeline. 

If one compares the determined total costs with the costs 

for conventional grid expansion to integrate the respective 

PV power (Table 2: from 132- to 172 MW), one can 

conclude that they are in a similar range. 

Table 3 shows, secondly, the Levelized-costs of Hydrogen 

(LOCH2). Thereby the specific-electricity-costs (3 ct/kWh) 

lead to specific-energy-costs for hydrogen production of 

around 5,5 c/kWhH2. These costs are independent of the 

PEM capacity. They dominate the full-load-hours 

independent costs (spec.-OPEX + spec.-energy-costs), 

since the specific-OPEX are low.  

The specific-CAPEX ranges from 5,1- to 5,32 ct/kWhH2. 

As explained previously, for smaller PEM-capacities, the 

full-load-hours increase. Generally, this leads to declining 

specific-CAPEX. Here the constant absolute-costs for 

compressor and pipeline overlay this effect, that only 

minor CAPEX differences in the investigated PEM-power 

range occur. 

Table 3: Investment-costs and LCOH2 

 
17,5 MW 35 MW 52,5 MW 

PEM  

in M€ 
14  28  42 

H
2
-pipeline  

in M€ 

5,5  5,5  5,5  

H
2
-compressor 

in M€ 

0,645 0,645 0,645  

Total Invest 

in M€ 

21,7 37,1 55,1 

 spec. CAPEX 

 in ct/kWh
H2

 

5,1 5,03 5,32  

 spec. OPEX 

 in ct/kWh
H2

  

1,16 1,20 1,32 

 spec. Energy-costs 

 in ct/kWh
H2

 

5,53 5,53 5,53  

LCOH
2  

in ct/kWh
H2

 

11,79 11,76 12,17  

One can conclude that for the investigated PEM-capacity 

classes, the LOCH2 varies only in a small range. The 

statement from the technical analysis that smaller PEM 

sizes are preferable is no longer valid without further ado. 

However, PEM-capacities higher than 52 MW are 

economically not preferential either since they require 

cost-intensive hydrogen storage due to gas grid limits. 

4 Conclusion and Outlook 

To mitigate PV-induced strain on 110 kV power-grids, 

PEM-based Power-to-Hydrogen seems to be an 

appropriate future option. In our work, we show that PEM 

installations with low capacity allow for the grid-

integration of huge PV-plants. Such PEM installations 

reduce strain in power-grid lines in the vicinity of the site. 

Remote substations and lines are hardly affected. The 
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effect does not change substantially, even integrating large 

PEM units. That leads to the conclusion that the site of the 

PEM electrolyzer is crucial. Maximum grid relief may be 

achieved with more than one smaller-scale PEM 

installation in dedicated substations near the natural-gas 

grid. However, in this study, we have not investigated 

multi-PEM installations. That should be the subject of 

future works.  

We show that the investment-costs for PEM installations 

of appropriate size are in a similar range compared to costs 

for conventional grid re-enforcement. Combined with the 

operational-costs and the costs for electricity, we could 

demonstrate Levelized-costs-of-hydrogen between 11-and 

12 ct/kWh. This corresponds to current literature values. 

The operation strategy influences the full-load hours of the 

PEM electrolyzer at its most. Rising full-load hours lead to 

reduced specific-capital-cost. We show that grid-serving 

operation-strategies which involve the residual-load of a 

larger area lead to good results. However, upcoming works 

should investigate operation-strategies that combine grid-

serving operation with approaches taking into account 

current exchange prices. This offers the potential to reduce 

both specific-capital-costs and specific-energy-costs and 

thus contributes to future hydrogen integration 

5 Acknowledgements 

The authors want to thank Energienetze Steiermark GmbH 

for facilitating this work. 

6 References 

[1] IRENA – International Renewable Energy Agency, 

2020, Renewable Capacity Statistics 2020, ISBN: 978-92-

9260-239-0 

[2] Böckl B., Kienberger T., HyFlow, 2019—A Hybrid 

Load Flow-Modelling Framework to Evaluate the Effects 

of Energy Storage and Sector Coupling on the Electrical 

Load Flows, Energies, 12, 956. 

[3] Kienberger, T., Traupmann, A., Sejkora, C., 

Kriechbaum, L., Greiml, M., & Böckl, B., 2020, 

Modelling, designing and operation of grid-based multi-

energy systems. International Journal of Sustainable 

Energy Planning and Management, 29, 7–24.  

[4] Glenk, G., Reichelstein, S. Economics of converting 

renewable power to hydrogen. Nat Energy 4, 216–222 

(2019).  

[5] R. Loisel, Laurent Baranger, N. Chemouri, S. Spinu, S. 

Pardo, Economic evaluation of hybrid off-shore wind 

power and hydrogen storage system, International Journal 

of Hydrogen Energy, Volume 40, Issue 21,2015, Pages 

6727-6739, ISSN 0360-3199,  

[6] M. Korpas and A. T. Holen, "Operation planning of 

hydrogen storage connected to wind power operating in a 

power market," in IEEE Transactions on Energy 

Conversion, vol. 21, no. 3, pp. 742-749, Sept. 2006,  

[7] G. Pan, W. Gu, Y. Lu, H. Qiu, S. Lu and S. Yao, 

"Optimal Planning for Electricity-Hydrogen Integrated 

Energy System Considering Power to Hydrogen and Heat 

and Seasonal Storage," in IEEE Transactions on 

Sustainable Energy, vol. 11, no. 4, pp. 2662-2676, Oct. 

2020,  

[8] Dongmin Y., Jiawei W., Dezhi L., Kittisak J., Sayyad 

N., Risk-averse stochastic operation of a power system 

integrated with hydrogen storage system and wind 

generation in the presence of demand response program, 

International Journal of Hydrogen Energy, Volume 44, 

Issue 59, 2019, Pages 31204-31215, ISSN 0360-3199,  

[9] L. Welder, D. Ryberg, Leander Kotzur, T. Grube, M. 

Robinius, D. Stolten, Spatio-temporal optimization of a 

future energy system for power-to-hydrogen applications 

in Germany, Energy, Volume 158, 2018, Pages 1130-

1149, ISSN 0360-5442,  

[10] Clegg, S; Mancarella, P.: Integrated Modeling and 

Assessment of the Operational Impact of Power-to-Gas 

(P2G) on Electrical and Gas Transmission Networks. In: 

IEEE Transactions on Sustainable Energy 6 (2015), Nr. 4, 

S. 1234–1244.  

[11] Short, W. & Packey, Daniel & Holt, T.. (1995). A 

Manual for the Economic Evaluation of Energy Efficiency 

and Renewable Energy Technologies. NASA STI/Recon 

Technical Report N. 95. 10.2172/35391. 

[12] Hydrogen Europe. Hydrogen Europe Vision on the 

Role of Hydrogen and Gas Infrastructure on the Road 

toward a Climate Neutral Economy-A Contribution to the 

Transition of the Gas Market; Hydrogen Europe: Brussels, 

Belgium, 2019. 

[13] Siemens Energy: Silyzer 300 : The next paradigm of 

PEM electrolysis. https://assets.siemens-

energy.com/siemens/assets/api/uuid:17cdfbd8-13bd-4327-

9b26-383e4754bee3/datasheet-final1.pdf – Review date: 

2021-01-08  

[14] H-TEC SYSTEMS: PEM-Elektrolyseur – das 

Bindeglied für Sektorenkopplung und dezentrale H₂-

Produktion. https://www.h-

tec.com/fileadmin/Content/PDFs/19022019/H-

TEC_SYSTEMS_Datenblatt_Elektrolyseur_ME450_1400

_DE.pdf – Review date: 2021-01-08 

[15] Döhler H.: Faustzahlen Biogas. 3. Ausg. Darmstadt : 

KTBL, 2013. 978-3-941583-85-6. 

[16] Van Leeuwen, C., Zauner, A., Gorre, J.: Innovative 

large-scale energy storage technologies and Power-to-Gas 

concepts after optimisation : Report on the costs involved 



 CIRED 2021 Conference 20 – 23 September 2021 

  Paper 0392 

 

6 
 

with PtG technologies and their potentials across the EU. 30.04.2018. 

 


